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Graphene has attracted a tremendous amount of research interest in the recent 
decade due to its one-of-a-kind properties. With its excellent electrical, mechanical and 
optical properties, graphene has the potential to outperform current available materials in 
a wide range of applications. However, the fabrication and understanding of the growth 
mechanism of graphene need to be established before realizing this material for practical 
applications. While techniques such as chemical vapor deposition (CVD) and mechanical 
exfoliation have been extensively investigated, studies on solid-state transformation of 
carbon into graphene through physical vapor deposition (PVD) techniques are limited. 
The aims of this dissertation were to understand the growth mechanism of 
graphene segregation using pulsed laser deposition (PLD) with a solid carbon source and 
to explore alternative methods to fabricate high sp
2
 and graphene-based materials for 
field emission applications. To achieve this objective, investigations on growth and field 
emission properties of nanographite in an amorphous carbon (a-C) matrix was first 
conducted. Its field enhancement originated from the nanographite clusters within the 
films that formed internal conducting channels in the largely insulating a-C matrix and 
turn-on voltages decreased with an increase in nanographite density within the deposition 
temperature range of 100–700 oC. 
Subsequently, segregation of graphene was studied with PLD and the effects of 
various parameters such as cooling rate, substrate, laser energy and wavelengths on the 
growth of graphene were investigated. Briefly, low laser energy was favored for graphene 






segregation. Using the knowledge acquired from these experiments, graphene-on-metal 
nanocones field emitters with different densities were fabricated. It was observed that the 
graphene-on-metal nanocones gave enhanced field emission properties as compared to 
the bare metal nanocones due to the reduction of effective field emission tunneling 
barrier, which was a result of graphene-metal charge transfer interactions. Controlling the 
metal nanocones density was also an important factor, as electron screening from 
neighboring cones should be minimized. 
Lastly, graphene-based field emitters were fabricated with electrophoretic 
deposition (EPD) and this presented a low cost, environmentally safe and highly 
upscalable method to produce large area graphene field emitters. Graphene-only emitters 
were deposited with different EPD durations and when the graphene density was too high, 
screening effect resulted, which increased the turn-on electric field. To improve the 
reliability of the graphene-only emitters, hybrid carbon nanotubes (CNT) with graphene 
emitters were also fabricated. The CNT was envisioned to hold down the graphene flakes, 
like a safety belt, at high voltages to prevent an early short circuit at relatively low 
voltages. In contrast to pure graphene emitters, these hybrid emitters performed better 
when the EPD duration was increased, as more graphene flakes were present when the 
time was increased. These graphene flakes can help to improve the electrical conduction 
of the material, as well as provide additional emission sites on the surface. 
Hence, through the information gained from these experiments, graphene growth 
segregation from solid carbon sources using PLD can be better understood and graphene 
field emitter materials can be optimized during fabrication to achieve better performances.
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 Chapter 1 Introduction 
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Chapter 1  
Introduction 
Over the last few years, extensive research efforts have been devoted to graphene 
due to its unique and attractive material properties. In this chapter, the discovery of 
graphene and its properties are reviewed in section 1.1 and 1.2, respectively. Fabrication 
methods of graphene will be explained in section 1.3. The principles and equations used 
in field emission (FE) studies, as well as the application of graphene as a potential field 
emitter will be reviewed in Section 1.4. Lastly, the motivations and objectives of this 
project are detailed in section 1.5.  
 
1.1 Graphite and monolayer graphite 
Graphite, an allotrope of carbon, has been long known since 1789. Being the 
thermodynamically most stable form of carbon at standard conditions, it was believed 
that a single graphite layer cannot exist freely. It was till the year 2004 when Novoselov 
et al.
1
 demonstrated the isolation of single layer graphite planes through mechanical 
exfoliation of a highly ordered pyrolytic graphite target (often referred to as the scotch-
tape technique) that refuted this belief. Graphene is the name given to the monolayer 
graphite sheets, which are the building blocks of all graphitic materials. 
The physical structure of graphene resembles that of a soft membrane and a sheet 
of graphene is not flat but rippled.
2
 These ripples are caused by the pre-existing strains in  





Fig. 1.1 A graphene sheet is the building block of all other graphitic structures ranging 




graphene and can cause charge distribution inhomogeneities, which are not favorable 
towards electronic quality. It can be rolled up to form 0D fullerenes, 1D carbon 
nanotubes (CNT) or stacked to form 3D graphite (Fig. 1.1).
3
 In fact, when a pencil is 
pressed on paper during writing, there could be many single layer graphene sheets in the 
numerous graphite stacks produced on paper. However, due to the lack of inspection 
tools, graphene cannot be easily differentiated from graphite, until the method of viewing 
graphene flakes placed on SiO2 substrate with a specific thickness (300 nm) that makes 
these elusive flakes visible (Fig. 1.2) was discovered.
4
 Since then, there have been 
increased interests in these single and few-layer planar aromatic carbon films due to the 
special properties that it exhibit.  




Fig. 1.2 Single layer and bi-layer graphene visible on 300 nm SiO2 under an optical 




To clarify the nomenclature, graphene, when strictly defined, refers to a single 
layer (SLG), bilayer graphene refers to 2 layers while few-layer graphene (FLG) has 3–
10 layers. Above 10 layers, it is generally referred to as graphite. While there are 
similarities and differences between the properties of graphene and FLG, FLG grown on 
4H-SiC has been shown to behave like SLG due to a different (from A-B stacking) 
stacking structure, giving rise to rotational faults in every graphene layer, thus decoupling 
the individual sheets and resulting in isolated graphene layers.
5
 In the next section, the 
properties of graphene will be detailed.  
 
1.2 Properties of graphene 
1.2.1 Electronic properties 
Graphene is a zero bandgap semiconductor that exhibits unique electronic 
properties such as massless Dirac fermions (zero rest mass and effective speed of light),
6
 
ambipolar electric field effect
7
 and anomalous quantum hall effect at room temperature, 
which is a characteristic behavior of Dirac fermions.
8, 9
 The origin of the massless 
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fermions is due to the linear energy relationship between electron energy, E, and 
wavevector, k, in the form of  
22
yxf kkE              (1.1)
 
near the vertices of the hexagonal Brillouin zone of graphene.
6, 10
 The six corners of the 
2D Brillouin zones are therefore known at Dirac points. Ambipolar electric field effect 
occurs when the charge carriers can be changed continuously between electron and holes 




 by changing the externally applied voltage.
1, 7
 The 





/V.s at low temperatures, which is the highest known of any semiconductor. However, 




/V.s for graphene on SiO2 substrate, due to extrinsic 
scattering by surface phonons, showing that substrate interactions does affect the 
properties of graphene.
11
 As a result of the high mobility, graphene charge carriers are 
able to exhibit ballistic transport on a submicron scale, in which the electrons transport in 
a medium with negligible resistivity and have mean free path much larger than the 
dimensions of the box that holds the medium.
12
 However, the wavy or rippled surface of 
a graphene sheet results in breaking of the translational invariance and hence limits 
ballistic transport. Nevertheless, these electronic properties make graphene a highly 
suitable material for electronic applications and it has been shown to be a promising 










As a result of not possessing a band gap, pristine SLG cannot be used as field 
effect transistors (FET) as it cannot be switched off. However, this problem has been 
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overcame with different methods that can be divided into those that disrupt and break the 
hexagonal structure of graphene to induce a band gap and those that preserve the 6 fold 
symmetry of the structure.
18





 and creating graphene nanomesh
21
 structures with 
lithography. The use of bilayer graphene for applications that require a band gap is also 
possible without having to destroy the hexagonal rings of carbon. For instance, Xia et 
al.
22
 has demonstrated a band gap in bilayer graphene and an on/off current ratio of 100 
(compared to 4 for SLG) at room temperature when a biasing condition was applied for 
their dual gate graphene FET design. Zhang et al.
23
 have also demonstrated bilayer 
graphene FET with a tunable band gap up to 0.25 eV, using infrared micro-spectroscopy, 
while Quhe et al.
18
 made use of graphene-substrate interaction between single graphene 
and hexagonal boron nitride to induce a band gap. These methods preserve the high 
carrier mobility of graphene which is desirable in electronic applications.  
 
1.2.2 Mechanical properties 
The Young’s modulus of defect-free graphene using atomic force microscopy 
(AFM) nanoindentation on graphene suspended over holes was measured to be 1.0 TPa at 
a thickness of 0.335 nm, which makes graphene one of the strongest materials ever.
24
 As 
graphene is a two dimension (2D) material, the measured values were normalized with 
the area instead of volume and the Young’s modulus is equivalent to the in-plane 
stiffness (E
2D
). The same value of 1 TPa was obtained for single wall CNT, which is 
essentially a rolled up graphene sheet. Given its excellent mechanical properties, it can 
value add the use of graphene in many applications that may not be primarily mechanical 
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in nature. The use of graphene in composites has also been reported to greatly improve 
tensile strength by 150 % and increase the Young’s modulus by 10 times at a low 
graphene loading of 1.8 vol.%
25
 and has outperformed multiwall CNT as a reinforcement 
additive.
26
 Possessing excellent mechanical properties as an electronic material can 
increase the robustness of the fabricated device by allowing it to withstand harsh 
conditions with lower chances of breakage. 
 
1.2.3 Optical properties 
A single layer or few-layer graphene is extremely thin and thus optically 
transparent, with a transparency of 97.7 % in the visible light range. The transmittance 
value of graphene decreases linearly with an increase in the number of layers.
27
 The inter-
band optical transitions in SLG and bilayer graphene can be varied dramatically by 
electrical gating. This is because the low density of states near the Dirac point of 
graphene causes the Fermi level, EF, to change significantly when the carrier density 
changes.
28
 The combination of high transparency, high conductivity and ultrafast 
photoresponse makes graphene extremely suitable for optoelectronic applications such as 
sensors, communication devices and transparent electrodes found in liquid crystal 
displays (LCD), touchscreens and for organic light emitting devices (OLED), replacing 
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1.2.4 Thermal properties 
The thermal conductivity of graphene, κ, is dominated by phonon transport, 
specifically diffusive conduction at high temperatures and ballistic conduction at 
sufficiently low temperatures.
27, 29
 The measured value of κ for a suspended mechanically 




, which is higher than that of bulk graphite at 









value was measured by observing the red-shift of the Raman G peak which depends 
linearly on the sample’s temperature. Through the slope of the excitation power versus G 
peak frequency, κ was estimated.30 The high thermal conductivity of graphene is useful 
and beneficial when efficient heat dissipation is required in electronic applications.  
It has also been shown that by making use of the negative thermal expansion 
coefficient and orientation of the ripples on graphene surface, wavelength and amplitude 
of the ripples in graphene can be controlled by thermal manipulation. These 
morphological changes in the ripples with temperature may be the key to explaining 





1.3 Methods of fabrication 
Graphene is seen as the material of the next generation given its excellent 
properties, but the bigger issue that needs to be addressed is in the area of graphene 
fabrication. Conventional techniques to fabricate graphene are expensive while some are 
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tedious. The most popular and easiest method is the mechanical exfoliation method 
which involves rubbing a highly pyrolytic graphite target against a piece of sticky 
cellophane tape and depositing the graphite flakes on SiO2 of carefully chosen thickness 
(typically 300 nm). By looking under the microscope, single and FLG flakes can be 
distinguished from the color observed (Fig. 1.2). Flakes produced by this method can be 
up to 10 m in size but there is a large variation in the thickness of the flakes produced. 
While any one can do this with the correct materials and without specialized equipment, 




The second technique used in fabricating graphene is by growing graphene 
epitaxially on SiC. This method involves high process temperatures (>1000 
o
C and up to 
1600 
o
C) and also ultra-high vacuum conditions of 10
-9
 Torr. While this method is not 
complicated and graphene grown on SiC can be patterned with standard nanolithography 
techniques,
33
 the large lattice mismatch between epitaxial graphene and the underlying 
SiC substrate makes the quality incomparable to films obtained with the mechanical 
exfoliation method.
34
 It is also difficult to transfer the epitaxial graphene on SiC onto 
other substrates due to the high chemical stability of SiC. Substrate bonding may also 
affect the electronic properties of graphene grown on SiC as mentioned earlier.
11
 
The third growth method of graphene is carried out on metal substrates. The 
recent interests in free-standing graphene have led to the boom in research on graphene 
adsorbed on metal surfaces. After graphene is absorbed on the metal, the metal support 
layer can be easily etched away using an acid solution. The remaining graphene layers 
can either be free-standing and dredged up from the solution, or transferred onto another 
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substrate of choice. Graphene on metal substrates can be prepared by both solid and 
gaseous carbon sources. On one hand, segregation of dissolved carbon on the substrate 
surface through high temperature annealing and cooling of a carbon-containing metal can 
be carried out either by solid or gaseous sources. If the carbon source is gaseous, for e.g. 
methane or ethylene, decomposition of the gas first occurs on the metal surface to release 
carbon. On the other hand, chemical vapor deposition (CVD) is one technique that uses 
only gaseous carbon sources. When copper (Cu) catalyst is used with CVD, the growth of 
graphene is reported to stop once the metal layer is covered with a SLG, but continues to 
give FLG if nickel (Ni) catalyst is used instead. This is due to the difference in their 
growth mechanisms, which is surface adsorption and segregation respectively for Cu and 
Ni.
35
 Thus, single layer growth can be achieved by controlling the temperature or catalyst, 
which give CVD an edge over mechanical exfoliation that results in a wide range of 
thicknesses.
36
 Additionally, CVD is a highly scalable method that can be used to fabricate 








 copper and 
nickel
37, 41
 have been used in the synthesis of graphene. In the case of nickel, to prevent 
the growth of thick layers of graphite, thin layers of Ni in the order of a few hundred 
nanometers deposited on SiO2/Si substrates can be used.
37
  
Chemical exfoliation is also frequently used to obtain a large amount of free-
standing graphene.  This technique first began with the Hummers method, which was 
first demonstrated by W. S. Hummers in 1958 to prepare graphite oxide.
42
 The graphite 
was first oxidized to form graphite oxide using potassium permanganate (KMnO4) and 
hydrosulfuric acid (H2SO4), and subsequently exfoliated to form graphene oxide (GO). 
The actual chemicals used today may differ from the original Hummers method and thus 
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it is called modified Hummers method. GO, which is yellow-brown as shown in Fig. 1.3, 
can be reduced to graphene through treatment with hydrazine or more recently, 
microwave assisted reduction.
43
 The end product can be easily transferred onto other 
substrates by filtration, spray coating and other solution processing methods.
44
 Chemical 
exfoliation provides a low cost and high yield method to prepare graphene and is suitable 
for large scale production. 
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1.4 Field emission theory 
1.4.1 Model and principles 
Field emission is the extraction of electrons from a metal or semiconductor under 
a strong electric field into vacuum by tunneling through the surface triangular potential 
barrier.
46
  When an electric field is applied, the surface potential is deformed such that the 
shape of the surface potential barrier changes from square (no electric field) to 
triangular.
47
 This is in contrast to thermionic emission where heat is applied and electrons 
gain sufficient energy to surmount the barrier instead of tunneling through the barrier. 
This difference in barriers between these two types of emission is depicted in Fig. 1.4.  
 
 
Fig. 1.4 Difference in emission barrier between field emission and thermionic emission. 
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Fowler and Nordheim proposed the first model for field emission in 1928 for 
metal surfaces at low temperatures.
48
 Nonetheless, this model is widely used in field 
emission studies of graphitic materials till today. In this model, the emission current 
density and macroscopic applied field can be described by the Fowler-Nordheim (F-N) 
relation according to the following expression,
49
  



























                  (1.2) 
Where J is the macroscopic current density, E is the applied field, β is the field 







.   
 
By taking natural logarithm, equation 1.2 can be rewritten into the following 
linear equation 1.3, 
























                                 (1.3) 
 
Field enhancement factor (β), which is used as a qualitative measure of field 
emission property of the material, can be calculated from the slope (∆)  of the straight 
line plot of ln (J/E
2








                (1.4) 
Likewise, if β is known,   can be calculated from the slope of the F-N plot instead.  
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 The local electric field, Elocal, experienced on a microscopic scale at the emitting 
site is thus related to the macroscopic applied field, Eappl, through β by the following 
expression. 
                                                        .appllocal EE                                                      (1.5) 
 
1.4.2 Field emission of carbon materials 
Field emission from carbon-based materials has been studied intensively for 
decades and some of the carbon materials used as field emission cold cathodes are 
diamond, doped or undoped DLC, and the well-known CNT owing to its high aspect ratio 
and increased geometrical enhancement factor. 
In field emission applications, diamond has attracted a lot of attention as cold 
cathode emitters due to advantageous properties like high thermal conductivity and 
negative electron affinity (NEA). NEA means that the minimum energy of electrons in 
the vacuum is below the minimum energy of electrons in the conduction band.
50
 
Phosphorous-doped diamond and nitrogen-doped diamond has been extensively studied 
for emission along with different surface terminations such as oxygen and hydrogen.
51
  It 
has been reported that field emission of heavily N-doped diamond is not limited by its 
resistance and thus follows a metal-insulator-vacuum mechanism, whereby the electrons 
are injected from the back contact into the conduction band of diamond and subsequently 
flew into vacuum without a potential barrier due to NEA.
52
 It should be noted that NEA 
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is not a prerequisite to low applied fields as there are materials without NEA that still 
exhibit good emission properties e.g., diamond-like carbon (DLC) and CNT. 
Generally, low macroscopic threshold fields (<1–40 V/m) observed in carbon 
materials are attributed to either geometrical field enhancement factors (external field 
enhancement) or field enhancement due to internal conductive elements (internal field 
enhancement). For CNTs, they have a high aspect ratio and are fully sp
2
 bonded; hence 
electron transport is not a limiting factor within the tubes. Instead, the density of the 
CNTs affects the emission threshold due to shielding effects. In addition, though CNTs 
show remarkable performance as field emitters, their thermal stability and reliability are 
often inferior, i.e. easily degraded under high applied voltages. 
 In the case of DLC, which possesses extremely smooth surfaces, the field 
enhancement factors are largely contributed by internal field enhancement. The electric 
field lines will concentrate at surface conductive elements, which are the sp
2
 bonded 
regions in this case, and lead to enhancement of the applied field. Moreover, owing to the 
presence of sp
2
 in combination with sp
3
 bonding, DLC films have a certain edge over 
fully sp
3
 bonded diamond since the sp
2
 can provide electron conduction paths within the 
films. Furthermore, sp
2
 clusters have different dielectric constants from sp
3
 carbon, 
giving rise to enhancement due to dielectric inhomogenity.
53
 The ability to grow large 
area DLC at room temperature through economical methods is an added bonus to its 
excellent properties, thus making it a potential candidate for cold cathode emitters.
54
 DLC 




 There have 
been various attempts to lower the emission of DLC films by doping metals such as Ag,
56
 







 In such cases, the increase in sp
2
 percentage and improved conductivity in 
the films by metal incorporation plays a large part in the reduction of threshold field.  
Graphene is essentially an unrolled single walled CNT and possesses excellent 
conductivity. However, a single graphene sheet may not have good field enhancement 
due to its rather flat profile. This is further aggravated by the fact that most graphene 
fabrication methods including mechanical exfoliation, decomposition of SiC, segregation 
from metals and CVD result in graphene that has a planar morphology parallel to the 
substrate. To fully exploit the capabilities of graphene as a field emitter, the graphene 
sheets should be perpendicular to the substrate such that the planes of highest 
conductivity are along the direction of emission and electrons can thereby emit from the 
sharp graphene edges. There are several studies that strive to achieve this in current 
literature. Some early works include Eda et al.
16
 who fabricated graphene cathodes by 
spin coating chemically exfoliated graphene onto Si substrate to gain a certain degree of 
vertical alignment. The orientation of the sheets was related to the spin coating speeds 
and best results were obtained from films spin coated at 600 rpm. Even though the turn-
on field (Eon) was 4 V/m, the maximum current density obtained was 1 mA/cm
2
, which 
was below the requirement for actual high current applications. The authors have recently 
carried out the same method of spin coating graphene sheets onto Si microtips and 
lowered the  Eon to 2.3 V/m.
59
 Another research group, Malesevic et al.
60
 managed to 
fabricate vertically aligned FLG on titanium and silicon substrates by microwave plasma 
enhanced CVD (MW-PECVD). The quality of FLG was optimized by controlling the H2 
and CH2 precursor gas ratios. Using this method, the Eon was lowered to 1 V/m and 
current density was increased to 14 mA/cm
2
. Although this method has some advantages 





Fig. 1.5 Vertically oriented graphene flakes fabricated by spin coating onto conductive silicon 
substrates in ref. 16. 
 
such as the direct fabrication of graphene without extra steps, there is no simple way to 
control the FLG density, which gives rise to screening effect (similar to the case of a 
dense forest of vertically aligned CNT).  





 and coating on conductive 
tape
62
 with turn-ons field ranging from 1–5.2 V/μm. Graphene, first exfoliated by 
modified Hummers method and reduced by hydrazine, were compared against those 
reduced by microwave assistance and it was reported that microwave-reduced graphene 
(Eon = 0.39 V/μm) performed better than hydrazine-reduced graphene (Eon = 0.94 V/μm). 
The authors attributed it to the larger size of graphene flakes produced by microwave 
reduction leading to more protrusions when stacked, thus improving field enhancement.
45
 
Another example of achieving protrusions was recently demonstrated by Pandey et al. 
who generated morphological defects (such as edges, discontinuity and ripples) due to the 
poor transfer and adhesion of CVD-grown graphene onto pristine Si (100) substrates.
63
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However, this method does not give reliable control over the density of defects and it can 
be difficult to reproduce the results. Growth of graphene on nanotube or wire structures 
have also been another area explored lately. For instance, Deng et al. reported the direct 
growth of FLG on the tips of CNT arrays using a RF H plasma sputtering system.
64
 The 
fabricated structure had sharp graphene edges extending outwards on the tips of a well 
aligned CNT array and gave slightly better field emission results compared to a pure 
CNT array. Other methods to create graphene-based cathodes with a field enhancing 
morphology include the draping of graphene oxide on Ni nanotips and the Eon was 
reported 5 × 10
5
 V/m at 1 μA, which is a relatively high field and this is probably due to 
the much lower conductivity of graphene oxide.
65
 Furthermore, Yang et al. reported the 
large area transfer of CVD fabricated monolayer graphene onto a well aligned array ZnO 
nanotips to produce 100–200 nm graphene-covered protrusions.66 These emitters were 
capable of very high current density (~ 500 µA/cm
2
), clearly demonstrating the potential 
of graphene for FE applications. Due to the unique properties of graphene, it is not 
surprising that it has received considerable attention for field emission; however the 
current graphene field emission technology is still at its infancy and will require more 
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1.5 Motivations and objectives 
From the above literature, it can be seen that there are still gaps in the area of 
graphene fabrication. Since the first report on the formation of monolayer graphene by 
Novoselov et al., extensive efforts have been devoted to the fabrication of graphene using 
CVD, mechanical and chemical exfoliated methods. However, limited information is 
available for physical vapor deposition (PVD) fabrication techniques, such as pulsed laser 
deposition (PLD). The use of PLD could reduce carbon dissolution time through the 
generation of charged energetic species that penetrate into the substrate. Despite 
numerous studies on the growth mechanism of CVD deposited graphene, information on 
the mechanism of solid-state transformation, segregation and growth mechanism of 
graphene using PLD technique is lacking. Furthermore, even though carbon-based 
composites such as metal-doped DLC and metal-coated CNT have been explored as new 
generation field emitters, high sp
2
 carbon-based composites of graphene/CNT have not 
been investigated.  
As such, my research work was devoted to the following objectives: 
1) Fabricate high sp2 carbon/graphene/few-layer graphene using physical deposition 
methods i.e. PLD and understand the growth mechanism of graphene using PLD 
segregation methods.  
2) Study the field emission properties of the fabricated high sp2 and graphene-based 
emitter materials.  
3) Fabricate and explore high sp2 hybrid materials such as graphene/CNT for field 
emission applications. 
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By achieving the objectives in this thesis, this work presented alternative methods 
to the fabrication of graphene and has shed some light to understanding the growth 
mechanism of graphene using PLD method. Through the fabrication and study of the 
emission properties of graphene and graphene/CNT hybrid materials, this work will be 
helpful towards contributing to the future development of low cost field emitters for 
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Chapter 2  
Experimental techniques 
In this chapter, the principles behind each experimental technique used will be 
described. The techniques used for thin film deposition will be detailed in section 2.1, 
while section 2.2 describes the experimental methods used to fabricate nanographite, 
graphene and graphene emitters. Lastly, the material characterization techniques will be 
detailed in section 2.3. 
 
2.1 Thin film deposition techniques 
2.1.1  Magnetron sputtering  
Magnetron sputtering is a powerful and flexible technique that can be used to 
make coatings of solid metal, alloys and other compounds. It can be used with a direct 
current (DC) or radio frequency (RF) source. DC sputtering is not suitable for insulators 
as it causes positive charge buildup on the target, which in turn repels the positive argon 
(Ar) ions and stops the sputtering process.
1
 On the other hand, RF allows the sputtering 
of insulators and operation at lower Ar pressures, leading to less collisions and better 
line-of-sight deposition.
2
 In this technique, a target, which is the cathode, is bombarded 
by energetic ions. These ions, typically Ar ions, are produced in a glow discharge plasma 
between the cathode and anode in the vacuum chamber in the range of 10
-6
 Torr. Upon 
ion bombardment, some of the target atoms are dislodged or sputtered and subsequently 
condensed onto the substrate. Secondary electrons produced as part of the bombardment 




process also plays a part in the continuation of the plasma. The difference between 
conventional sputtering and magnetron sputtering is that in order to increase the 
sputtering rate, a magnetic field is applied. The magnetic field, which is applied 
perpendicularly to the electric field, constraints the motion of the electrons causing them 
to move in a helical manner near to the target surface region. By limiting the motion of 
the electrons near the target, higher sputtering rates can be achieved due to an increased 
probability of electron-atom collision that results in higher ionization ratios and a dense 
plasma is produced near the target surface. Subsequently, the increase in ionization rates 
results in higher deposition rates.
3
 A schematic of magnetron sputtering is shown in Fig. 
2.1.
4
 In this project, magnetron sputtering was used to deposit nickel (Ni), cobalt (Co), 
iron (Fe) and copper (Cu) thin films onto highly doped (n
++
) silicon substrates. The metal 
thin films were then used as substrates for further experiments. 
 
 
Fig. 2.1 Schematic of RF magnetron sputtering showing the in-chamber configurations.
4                 




2.1.2  Pulsed laser deposition (PLD) 
Pulsed laser deposition is a physical vapor deposition technique, which has been 
effectively used to fabricate thin films material such as DLC, metal multilayers, ceramics, 
superconductive and nanostructured materials.
5-9
 The advantages of using PLD for thin 
film deposition include the ability to grow high quality films, to ablate any material and 
to obtain a stoichiometric transfer of target material onto the substrate, which is 
especially useful in the case of composite materials.
10-12
 PLD systems come in different 
laser wavelengths depending on the source of laser. Some common wavelengths used are 
ArF (193 nm), KrF (248 nm) and ND:YAG (1064, 532, 355 and 266 nm) lasers from the 
first to fourth harmonic.13-15 ArF and KrF lasers are also known as excimer lasers that 
radiate energy in the ultra-violet range and they make use of a gaseous mixture as laser 
source. 
The PLD system used in the experiments in this work consisted of a KrF (λ= 
248 nm) Lambda Physik laser, an optics system to guide the laser and a homebrewed 
deposition chamber as shown in Fig. 2.2. The system consists of a box where the pulsed 
laser is produced and a vacuum chamber where the substrate and target are placed. The 
substrate and the target are positioned 5 cm apart and facing each other in the chamber, 
which is evacuated to a pressure of 10
-6
 Tor by a turbomolecular pump and a roughing 
pump. Short pulses of laser are guided by various focusing optic lens before it enters the 
vacuum chamber and strikes the target. The target then absorbs the focused laser and 
when the energy density used is sufficiently high, ablation of the target occurs, thereby 
expelling a highly energetic and forward directed flux of material, known as the plume,  









Fig.  2.3 Plume seen during the ablation of target. 




orthogonally from the target surface. The plume, which condenses on the substrate 
surface placed directly in front of the target, consists of ions, atoms, excited states, 
electrons and macroparticles or fragments of expelled material.
6
 Figure 2.3 shows the 
bluish green plume seen during deposition and also the positions of the laser, substrate 
and target in the chamber.  
The deposited film properties are affected by several parameters of the PLD 
deposition. Ion energy, which is determined by laser fluence, is one of the critical factors 
known to affect the type of carbon film formed, whether diamond-like or graphitic 
films.
16
 PLD has the widest range of acceptable energies without requiring any external 
biasing compared to various other techniques.
9
 Furthermore, in addition to the laser 
fluence (J/cm
2
), the repetition rate of the laser pulses, substrate temperature, target to 
substrate distance and deposition environment (such as the use of reactive gases) can be 
varied, thus making PLD a versatile technique. The typical pulse duration of such lasers 
is in the nanosecond range. However in the recent decade, the use of femtosecond pulse 
(10
-15
 sec) duration lasers, which have a 800 nm wavelength have been explored.
17-19
 The 
extremely fast pulse duration increases the energy of the ejected particles up to a few keV 
and highly wear resistant DLC materials can be more easily obtained. A detailed review 
on PLD and its mechanisms related to film growth can be found in the review by 










2.2 Graphene/graphene films fabrication methods 
2.2.1 Modified Hummers method  
Generally, modified Hummers method first involves the oxidation of graphite into 
graphite oxide through the intercalation and expansion of the graphite lattice. Graphite 
oxide is then exfoliated into graphene oxide (GO) through ultrasonication or stirring in 
water and GO is reduced to form graphene. The reduction of GO is an important step as 
GO is an insulator and has different properties from graphene. This method uses natural 
graphite powder, potassium permanganate (KMnO4), sodium nitrate (NaNO3), 
hydrosulfuric acid (H2SO4), hydrogen peroxide (H2O2) aqueous solution and ultrapure 
water. Graphite powder and NaNO3 was added to H2SO4 with the jar in an ice bath. 
While stirring, KMnO4 was slowly added to the mixture to prevent the temperature from 
exceeding 20 
o
C. Upon completion of this step, the ice bath was removed and the 
temperature was maintained at 35 
o
C for 30 min. Water was then stirred in, causing 
effervescence and raising the temperature to 98 
o
C. The brown colored suspension was 
kept at this temperature for 15 min and more water was added. H2O2 was then added to 
reduce the residual KMnO4. After the reduction process, the suspension consisting of 
graphite oxide is a bright yellow color. This graphite oxide mixture was then filtered and 
washed with water and remaining metal ions were treated and removed. Exfoliation of 
graphite oxide into GO can be done by ultra-sonication. GO was reduced to graphene and 
this was achieved by microwave assisted reduction of its aqueous suspension for the 








2.2.2 Electrophoretic deposition (EPD) 
Electrophoretic deposition is a widely used technique in the industry for the 
fabrication of phosphors for high resolution displays as well as coatings.
22, 23
 Its 
advantages include high deposition rate, low cost, ability to deposit on substrates with 
complex shapes, ease of up-scaling due to its simplicity and the flexibility to deposit 
many materials. It is also capable of producing homogeneous films with a high packing 
density.
24
 In this technique, two electrodes are placed in a colloidal suspension of the 
material. In our setup, the cathode is the substrate and the anode is a graphite electrode. 
During the preparation of the suspension, a charger material, such as Mg(NO3)2, 
La(NO3)3,  MgCl2, or Al(NO3)3, is added to the solution. The metal ions are preferentially 
 
 
Fig. 2.4 Schematic of EPD setup with planar electrodes. 




adsorbed onto the powder particles, charging it in the process. EPD is then achieved by 
two steps. First, when an electric field is applied, charged particles in the suspension 
move towards the electrode. Second, the particles are accumulated at the respective 
electrode to form a coherent deposit.
24
 A schematic of the EPD setup is shown in Fig. 2.4. 
 
2.3  Materials characterization 
2.3.1  Scanning electron microscope (SEM) 
Scanning electron microscope is a useful and flexible imaging technique for 
surface and subsurface analysis of solid materials. The probe in SEM is an electron 
source from a tungsten hairpin (thermionic source), LaB6 crystal or field emission gun 
(FEG).
25
 To obtain surface images, Philips XL-30 and Zeiss Supra SEM, both with FEG 
sources, were employed. SEM allows the viewing of specimens too small to be examined 
by a light microscope. Since the wavelength of electrons is much smaller than that of 
visible light, it has a higher resolving power. Over the years, the resolution for SEM has 
improved from 50 nm to 1–5 nm today and from a simple tool it has now become an 
equipment widely used in many areas of such as biology, chemistry and metallurgy.
26
 
In its primary mode, the secondary electrons are detected in SEM to give us 
images of the sample.
27
 The images appear three dimensional due to the small angular 
aperture of the electron probe giving the large depth of field that the SEM possesses .As a 
result, rough surfaces such as pollen grains stay in focus throughout the whole sample 
image. 




No lenses are involved in SEM image magnification. Instead, the electrons raster 
across the surface of the specimen and at the same time, a spot of the cathode ray tube 
(controlled by current from the detector) scans across a screen in a similar rectangular 
fashion except that the area is far larger. SEM imaging is always carried out in a vacuum 
environment as the presence of gas molecules may cause the instability of the electron 
beam from the source. Also, samples are required to be conductive to avoid charging, 
which may cause a distorted image to form. Thus, samples that are non-conductive have 
to be sputtered with a layer of gold first. In addition, a SEM equipped with energy 
dispersive spectroscopy capabilities can also give us the elemental composition of the 




2.3.2 Transmission electron microscope (TEM) 
Transmission electron microscopy is an imaging technique whereby a beam of 
electrons, focused by magnetic lens, passes through the thickness of the sample, 
interacting with the specimen as this happens and forms a two dimensional projected 
image of a three dimensional specimen.
28
 Some basic instrumentation in TEM are an 
electron gun to illuminate the sample, magnetic lens to demagnify and control the size of 
the beam hitting the sample, fluorescent viewing screen, a charge-coupled device (CCD) 
camera. A detailed setup of TEM can be found in ref. 27.
27
 The point to point resolution 
of TEM is reported to be 0.1 nm or better. Such a resolution allows viewing of the 
arrangement of individual atoms, thus allowing the periodic lineup of atoms in crystalline 
structures to be seen. 




 TEM viewing is also carried out in a vacuum environment. Also, another 
requirement is that the sample must be thin enough to be transparent to electrons. For 
nanoparticles, specially designed TEM copper (Cu) grids are used to support the film 





2.3.3 Raman spectroscopy 
Raman spectroscopy is a vibrational spectroscopy technique that can obtain 
information about molecular vibrational motion and acquire fingerprints to help identify 
and quantify samples.
29
 It is a flexible technique that can be used on solids, liquids, 
powders and films. It can also be used on mixtures and composites as well and the 
resulting spectrum is just a superposition of the individual components. It does not 
require a vacuum environment to operate in and the spectra can be acquired relatively 
quickly. No sample preparation is needed and the spectra are characteristic of each type 
of material. Raman spectroscopy is especially useful in the study of carbon materials as it 
is highly sensitive to symmetric covalent bonds that have little or no dipole moment 













In this technique, a monochromatic light or laser, in the visible, infrared or 
ultraviolet range is focused by a microscope onto the sample.  The laser interacts with the 
sample and causes excitation of the molecules to a virtual energy state. Depending on the 
nature of the interaction of the photon with the sample, three outcomes, as depicted in Fig. 
2.5, can occur when the molecule relaxes and the scattered photon is collected.
31
 Firstly, 
elastic scattering or Rayleigh scattering is said to have occurred if the scattered photon is 
of the same frequency as the incident photon, and this happens to the majority of photons. 
If the molecules relax into a different vibrational state, the energies of the scattered 
photons are shifted either up or down and this is also known as the Raman Effect. The 
difference in the energy between the incident photon and scattered photon provides 
information on the microstructure of the sample. In the case where the final vibrational 
state of the molecule is higher, the scattered photon is of a lower frequency in order to 
maintain the energy balance of the system and this is called a Stokes shift. Conversely, if 
the final vibrational state of the molecule is lower and the scattered photon is of a higher 
frequency, this is known as an Anti-Stokes shift. A Renishaw Raman spectrometer 2000 




with 514.51 nm green argon laser was used in this project. The laser beam was focused 
onto the sample surface using an optical microscope with a magnification of 50 times at 
spot size of 1 μm. The Raman spectra were acquired in the range of 1000–3000 cm-1. 
 
2.3.4  X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy is a surface analysis technique that provides 
chemical state and compositional information from an outer surface thickness of 1–10 nm.  
It is capable of detecting all elements except helium and hydrogen.
32, 33
 Comparing 
various surface analysis instruments like Auger Electron Spectroscopy (AES) and 
Secondary Ion Mass Spectroscopy (SIMS), it is the easiest to obtain chemical state 
information from XPS data. Thus, XPS is the preferred choice when information in this 
area is required.
32
 For our purpose, a monochromatic XPS (Al Kα (1486.6 eV)) operated 
at 275 W with a pass energy of 10 eV (narrow scan) was used.  
Instrumentation in XPS consists of several components. They include a 
preparation chamber for sample cleaning and experiments, analytical chamber where the 
photon source is present, a hemispherical electron analyzer to measure the kinetic energy 
(KE) of the photoelectrons and a detector at the end. X-ray photons bombard the surface 
atoms of the sample. With sufficient energy, the photons can excite the core electrons of 
the atoms and cause the ejection of a photoelectron from an atom. The KE of the 
photoelectron ejected is then measured and converted into binding energy. This binding 
energy is characteristic of the element and its oxidation state. Binding energy, EB, can be 
calculated from equation 2.1,
34
 




            EB = hυ – Ek –          (2.1) 
where, EB is the binding energy of the photoelectron, h is Planck’s constant, υ is the 
frequency of the x-ray source, Ek is the kinetic energy of the photoelectron and   is the 
work function of the spectrometer. 
From the equation, it can be seen that the ejected photoelectron must reach the 
detector with an undisrupted path or else analytical information will be lost. As such, an 
ultra-high vacuum environment is required in XPS, to fulfill this condition as well as to 
prevent surface contamination. The sample surface can also be cleaned by argon sputter 
to remove any oxidized layer or contaminants before the information is acquired. 
 
2.3.5 Atomic force microscopy (AFM) 
Atomic force microscopy is a type of scanning probe microscope that has superior 
resolving power. It consists of a scanning tip rastering across the surface to obtain a 
morphology image of atomic resolution. A Veeco, Nanoscope 3, Multimode AFM was 
used to characterize the films produced. 
Unlike SEM and scanning tunneling microscopy, AFM works for both conductive 
and non-conductive samples.
35
 AFM can also operate in an ambient environment. The 
probe in AFM is also known as a cantilever, which is essentially a probe with an 
extremely sharp tip scanning across the surface to produce a three dimensional surface  
 









map. When the tip is brought close to the sample surface, the cantilever may be deflected 
according to surface changes. The deflection of the laser off the back of the cantilever is 
monitored by the photodiode as seen in the schematic diagram of AFM shown in Fig. 2.6. 
The diameter of the tip is less than 40 nm and usually made from silicon or silicon 
nitride.
36
 AFM can be operated in a few modes including contact and tapping mode. For 
our thin films sample, tapping mode is used. In tapping mode, the tip only contacts the 
sample intermittently, for a much shorter time as compared to contact mode. The 
cantilever in tapping mode oscillates at its resonant frequency and minimizes the chances 










2.3.6 Field emission testing (FE) 
1) Parallel Plate Setup 
Electron emission, which is a quantum tunneling effect, was tested with a self-
made electron emission tester. The setup used was in the form of a parallel plate 
configuration with the cathode being the sample and the anode was an ITO-coated glass 
slide. The cathode and anode are separated by a 100 µm polymer spacer layer with a cut 
hole in the center of the film to allow electron emission only from that area. During 
testing, the voltage was incrementally increased until significant current was produced. 
Turn-on field with this setup is defined as the voltage needed to produce a current density 
of 10 µA/cm
2
. The readings were taken with a LabView 8 software Keithley 2410 
voltage source and current measurement unit. The measurements were taken under 
vacuum conditions at a pressure of 1×10
-6
 Torr maintained by a turbomolecular pump. A 
schematic cross-sectional diagram of the setup is shown below in Fig. 2.7.  
 
 








2) Probe tip setup 
The difference between the probe tip and parallel plate setup is that in the former, 
the anode is a tip (tungsten in our case) and the cathode-anode distance can be varied 
from 0–100 µm. The self-made setup was specially fitted with a micrometer screw 
gauges outside the vacuum chamber that allowed adjustments in the X-Y-Z axis without 
breaking the vacuum. Turn-on voltage with this setup is defined as the voltage needed to 
produce a current of 1 nA.
 
The self-made probe tip emission setup used in our 
experiments is shown in Fig. 2.8. 
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Chapter 3  
Fabrication of nano-graphite in amorphous 
carbon (a-C) matrix field emitters  
In this chapter, carbon was deposited on Si substrates at various temperatures 
using the PLD technique. The effect of temperature on the microstructure, surface and 
field emission properties of the resulted films were studied. By relating the field emission 
characteristics and the microstructure of the films, the emission mechanism of 
nanographite in a-C film was investigated.  
 
3.1 Introduction 
Carbon materials for field emission applications have been a subject of great 
interest for decades. The various polymorphic forms of carbon such as carbon nanotubes 
(CNT), diamond and amorphous carbon (a-C) and diamond-like carbon (DLC) have been 
demonstrated as potential field emitters.
1-3
  
On one hand, while it is rather clear that the good emission properties of CNT 
stems out from its high aspect ratio morphology and good conductivity from orientated 
sp
2
 bonded graphene sheets, electron emission from planar amorphous carbon films on 
the other hand, tends to be a topic of much debate. CNT has been favored for its very low 
turn-on fields, in fact the lowest  reported for the carbon family, but it suffers from 





stability issues and tends to be burnt out easily.
4
 As the focus shifts towards flat emitters 
which are mechanically stable, easily deposited on a variety of substrates and possess a 
low work function (4–5 eV), planar amorphous carbon films, whether doped, undoped, 
hydrogenated (a-C:H) or unhydrogenated, has been given a fair share of attention ever 
since it demonstrated potential to be a cold cathode material during the 1990s.  
Over the years, various models have been proposed for electron emission from 
amorphous carbon. Several popular and widely accepted models include the Amaratunga 
and Silva model
5
 on nitrogen doped a-C:H films, which has been used as a reference for 
other amorphous carbon films. Nitrogen doped a-C:H was a popular choice of doped 
films due to nitrogen being a shallow donor, thus allowing for the easy formation of a 
space-charged layer that leads to sharper band bending.  In this model, the n
++ 
silicon 
substrate is the true cathode, while the nitrogen doped a-C:H film is regarded as a space 
charged layer through which electrons coming from the substrate is accelerated. These 
electrons, termed “hot electrons”, subsequently acquire energies near to the vacuum level 
and are thus able to emit at lower turn-on voltages. While models that involve these space 
charged controlled mechanism may very well explain nitrogen doped a-C:H films, they 
may not be apt for undoped nanostructured a-C or DLC films which are non-
hydrogenated. It was also briefly suggested that DLC films with the widest bandgap and 
highest sp
3
 would be best for field emission.
6
 This was later disproved in an in-depth 
study which led to the consensus that the sp
2
 phase in a-C films plays an important role in 
the field emission process.
5
 The conductive sp
2
 elements facilitate conduction through the 
film by forming electron paths or channels to deliver electrons to the surface to be 
emitted.  Sp
2
 bonded carbon atoms in planar films can come in the form of short olefinic 





chains as in DLC (low sp
2
) to nanoclustered graphite in a-C matrix (intermediate sp
2
 
content) and finally fully sp
2
 film made of graphite sheets in the case of graphene or 
nanographite. In the case of flat films in which the field enhancement factor () is unity, 
it was documented that a field in the order of 500 V/µm is required for emission,
7
 
However, it only takes less than a tenth of that value for a-C films.  
Since DLC is known for its smoothness in the range of root mean square (RMS) 
0.1 nm, there have been doubts about its field enhancing ability. In several studies of 
DLC, β has been given the value of 1 which translates to no enhancement and lowered 
emission turn-on fields are a result of lowered work function or electron affinity values.
8,9 







 which formed conductive metal nanoclusters. The 
clusters in turn formed conductive paths within the largely insulating diamond-like 
matrix and led to relatively lower emission turn-on voltages. However, these electron 
channels have not been directly proven or seen.  
In this chapter, it was experimentally showed that the electron channels present in 
a-C films gave it a CNT-like or tube-like emission behavior when the emission testing 
distance was varied. Changes in emission characteristics with deposition temperature 
were also studied. It is worth noting that no conditioning was done on the films as there 
have been doubts about the nature of emission from a-C films whether it is intrinsic or 
caused by surface and/or internal damage due to a conditioning process which involves 









3.2 Experimental method 
The films were deposited using a carbon target (99.9% purity, 325 mesh) with a 
KrF (λ = 248 nm) Lambda Physik excimer pulsed laser system with a laser fluence of 10 
J/cm
2
, pulse duration of 25 ns and frequency of 20 Hz. The target was rotated with a 
speed of 60 rpm and fixed at a distance of 5 cm from the highly n doped (n
++
) Si (100) 
substrate. The sp
2
 content was controlled by varying the temperature from 100 to 700 
o
C 
in increasing steps of 100 
o
C using a heater stage in vacuum. The base pressure was kept 
below 5 × 10
-6
 Torr during deposition.  
Raman spectra were recorded at room temperature with a Renishaw system using 
an excitation source of 514.5 nm lines from Ar
+
 laser. The spectra were acquired in the 
range of 1000–2000 cm-1 and accumulated for 10 times. The laser power used was 25 
mW to avoid sample damage. Surface morphology and surface roughness were obtained 
with a Digital Instruments, Nanoscope III, Multimode AFM operated in tapping mode. 
AFM images acquired were flattened using the software provided by the manufacturer 
and not modified by any filtering. The RMS roughness was evaluated over an area of 1 × 
1 m. XPS was carried out with a Kratos axis ultra DLD system monochromatic XPS (Al 
Kα at 1486.6 eV source). The XPS spectrometer was operated at 225 W to obtain the 
spectra of the samples. By deconvoluting the carbon peaks, chemical bonding and sp
2
 
content of the films were determined. The spectra were obtained in a concentric 
hemispherical analyzer with a pass energy (Ep) of 20 eV in narrow scan mode. A JEOL 
JEM 3010F HRTEM (LaB6) operated at 300 kV was used for TEM imaging to observe 
the nanoclusters directly. 





Field emission current versus anode voltage (I–V) was measured with a probe tip 
setup. The anode was an electrochemically etched tungsten needle with a tip diameter of 
200 µm, while the cathode was the sample. Testing was conducted in at a base pressure 
of ~4 × 10
-6
 Pa. The zero-distance point was determined by first moving the anode with 7 
V of applied voltage in contact with the cathode and subsequently moving the anode 
away from the cathode to a point where the current diminishes to zero. On the same spot 
of the sample, the distance between the anode tip and substrate was adjusted using a 
micrometer stage with an accuracy of 0.5 µm. The anode-substrate distances were varied 
from 1 to 100 µm without breaking vacuum. The turn-on voltage (Von), at each distance 
was the voltage needed to produce a current of 1 nA and the current limit was set at 1 µA 














3.3 Microstructural characterization of nano-graphite 
clusters in a-C matrix 
3.3.1 Effect of temperature on microstructure 
The changes in microstructures and the degree of sp
2
 clustering in films with 
increasing deposition temperature were examined using Raman Spectroscopy. As shown 
in Fig. 3.1, a broad peak centered on 1560 cm
-1
, which is the typical spectrum for 
amorphous carbon, was observed for the room temperature and 100 
o
C samples, while 




 These peaks can be 
deconvoluted into two Gaussian peaks known as the disorder and graphitic peak, i.e. the 
D and G peak, which corresponded to the breathing mode of the six fold aromatic rings 
and the in-plane C–C stretching mode of sp2 hybridized carbon atoms, respectively. 
Unlike the D peak which only occurs due to the hexagonal rings, the G peak occurs for 
all sp
2
 sites inclusive of sp
2
 chains and rings.
14
 The full width half maximum (FWHM), 
the intensities of D (ID) and G (IG) peaks, and the ID/IG ratio of all the samples are 
summarized in Table 3.1. Different studies have shown that the ratio of D to G peak 
intensity, i.e. the ID/IG ratio, can be used to estimate the sp
3
 bonding in a-C, in which a 
higher ID/IG ratio corresponds to a lower fraction of sp
3
 bonding present in the films.
16, 17
 
It was observed that samples deposited at room temperature and those at lower 
temperatures (100–300 oC) had lower ID/IG ratio and possessed a high percentage of sp
3
 
bonding, akin to diamond type bonding. The sp
2
 component here mainly exists in the 
form of olefinic chains intertwined with a sp
3
 carbon network. As the temperature 
increased, the ID/IG ratio of the samples increased and the separation between D and G 





peaks increased. The changes in ID/IG ratio and D and G peak positions in relation with 
temperature were illustrated in Fig. 3.2 and 3.3, respectively. The D peak became more 
obvious and shifted towards a lower 1350 cm
-1
 and G peak shifted towards a higher 1600 
cm
-1
, which are peaks observed in a commercial graphite spectrum.
12
 Above 400 
o
C, a 
high degree of aromatic clustering was observed from the distinctly separated D and G 
peaks, which indicated that certain elements in the films were becoming graphite-like. 
 
 
Fig. 3.1 Raman spectrum for films deposited at room temperature, 100, 400 and 700 C. 
 





Table 3.1 D and G peaks positions, amplitude, relative intensity ratio and estimated sp
2
 content of 





























0 1432 71 1574 180 0.39 32 
100 1424 552 1574 861 0.64 49 
200 1422 905 1575 956 0.95 69 
300 1413 569 1578 558 1.02 74 
400 1385 398 1576 369 1.08 78 
500 1382 373 1580 340 1.10 79 
600 1383 591 1583 526 1.12 81 
700 1376 473 1585 411 1.15 83 






Fig. 3.2 Raman ID/IG ratio and sp
2
 content changes of samples deposited at temperature from 
100–700 oC. 
 
Fig. 3.3 Raman D and G peak positions of samples deposited at temperature from 100–700 oC. 





XPS was employed on all the samples in order to confirm the estimated sp
2
 
percentages. The XPS spectra for selected samples are as shown in Fig. 3.4 and were 
deconvoluted into 5 Gaussian peaks. The binding energy at 284.5, 285.2, 286.5 and 




, C–contaminated and C=O, respectively.18 By 








 content were determined and are 
summarized in Table 3.1. From the ratios of the peak contributions in XPS and Raman, 
the sp
2
 percentage calculations ranged from 32 to 83 % from room temperature to 
deposition at 700 
o
C. Thus, this confirmed the effects of heating in graphitizing the sp
3
 
bonding of DLC. 
 
 
Fig. 3.4 XPS spectra for films deposited at room temperature, 100, 400 and 700 C. 






Fig. 3.5 TEM micrograph for films deposited at (a) 100 C (b) 400 C (c) 700 C. Inset 
shows the low magnification area view and SAED of crystalline cluster with lattice spacing 0.33 










The clusters in the samples can be directly observed in TEM images shown in Fig. 
3.5. The TEM image of 100 ºC sample in Fig. 3.5(a) showed no discrete nanocrystalline 
clusters. On the other hand, clusters were observed in Fig. 3.5(b) and 3.5(c), which 
corresponded to the 400 and 700 ºC samples respectively. A higher cluster density was 
also observed for the 700 ºC sample in lower magnification images as seen in figure 
insert 3.5c(ii). These results related well with the Raman results, where increased 
clustering was seen from the separated D and G peaks. A plot of the cluster density 
versus temperature is shown in Fig. 3.6, where the density at 100, 400 and 700 
o
C is 0, 
1.27 x 10
11






respectively. In addition, selected area electron 
diffraction (SAED) (inset 3.5c(i)) showed that the clusters are crystalline with a lattice 
spacing of 0.333 nm, thus confirming that the clusters are indeed made up of graphite and 
thus fully sp
2
 bonded. This is in great contrast to a largely amorphous carbon film  
 
 
Fig. 3.6 Cluster density vs. temperature of 100, 400 and 700 C samples. 






Fig. 3.7 AFM surface morphologies of (a) 100 C (b) 400 C (c) 700 C samples. 
deposited with minimal external heating where only short olefinic sp
2
 chains are present 
in such films as seen in Fig. 3.5(a) for the 100 
o
C sample. These short chains in the 
carbon network cannot be directly observed from the images and thus appear to be 
featureless with no lattice fringes (lines) when viewed under TEM as the ordering of the 
atoms are random with no particular order.  
AFM topological images in Fig. 3.7 show the surface morphology of the films. 
There was a slight increase in RMS roughness when the temperature was increased with 











Experimental results showed that sp
2
 bonding increased with increasing 
deposition temperature. Raman spectroscopy revealed that the ID/IG ratio also increased 
with increasing deposition temperature and ID/IG ratio has been reported to be 
proportional to the square of correlation length (La)  or size of nanocluster.
19
  As such, the 
increase in ID/IG ratio with increasing deposition temperatures corresponded to an 
increase in La in diamond-like films and increase in cluster size in the case of 
nanographite films, as evidenced by TEM.  
This formation of clusters is a temperature driven phenomenon.
19, 20
 At room 
temperature deposition, energetic carbon atoms that penetrate into the growing film on 
the substrate possess poor mobility, and carbon adatom mobility is also reduced due to a 
low substrate temperature. As a result, high sp
3
 films are formed by a subsurface growth 
process otherwise known as subplantation.
21
 However, with an increase in temperature, 




 a-C into ordered clusters and aromatic 
rings occurs and is facilitated by the increase in thermal energy.
22
 With higher deposition 
temperatures, the subplanted carbon atoms have improved mobility and can diffuse 
within the growing film, hence aromatic cluster aggregation is enhanced.
23
 The formation 
of sp
2
 bonding can be enhanced by 1) heating during deposition or 2) annealing after 
deposition and growth is completed. The microstructure differences between the two do 




 film is 
significantly lower for heating during deposition. This transition temperature from 
amorphous DLC to nanographite clustered a-C films for post-deposition annealing occurs 









 whereas in our case, the transition occurred below 400 
o
C. This lowered 
transition temperature can be explained through the activation of infrequent events 
between pulses of impinging carbon ions onto the substrate, during which a period of 1 ps 
of elevated temperature or thermal spike occurred, as shown by Molecular Dynamics 
simulation results.
25
 As such, the heating during deposition is a more effective method to 
achieve nanostructuring through heat. It was also observed that through sufficient heating, 
substantial clustering of sp
2
 occurs and a preferential direction may be adopted by the sp
2
 


















3.4 Field emission study of nanographite clusters in a-
C matrix 
3.4.1 Field emission properties 
In order to investigate the field emission properties of the films, I-V characteristic 
curves were obtained at various distances. The I-V characteristics of the films deposited 
at 100, 400 and 700 
o
C is shown in Fig. 3.8. The spread of the curves at various distances 
reflected the ease of emission with the 700 
o
C sample being the easiest emitter and 100 
o
C being the most difficult. To illustrate the differences, Von at 50 µm for the 3 samples 
were 1760, 1420 and 1110 V, respectively for the samples in increasing temperatures. 
Fowler-Nordheim (F-N) plots were also obtained using data from a single anode-cathode 
distance of 50 µm in Fig. 3.9, which showed a linear trend between ln (I/V
2
) and (1/V),  
indicating electron emission was of a metallic nature. By taking ratio of the slopes of the 
plots according to equation 1.4, we can obtain a relation as follows, 
 
                                                                                                         (3.1) 
 
 In the temperature range tested, the change in work function of the films tested 
was 0.4 eV.
27
 As such, when taking ratio, the term φ1/φ2 can be approximated to 1. The 
enhancement factors of such flat film emitters can be divided into two parts; the internal 
enhancement (βin) and external geometrical enhancement factor (βex) and the total β is 
composed of the product of the two.
26






























are geometrical in nature and are related to the physical dimensions of the emitter feature 
such as a tube or needle. In this case, external enhancement is usually taken to be unity. 
Internal field enhancement, on the other hand, is typically used for planar emitters whose 
surfaces usually appear featureless. The combination of microstructure and composition 
of such materials thus determines the internal field enhancement factor.
26
 In this work, 
the surface morphology in AFM images showed a slight roughness increment when 
deposition was carried out at higher temperatures. However, such small changes in 
surface topology are insufficient to qualify as geometrical enhancement sites for efficient 
field emission. The best example of enhancement due to physical or geometrical 
structuring is CNT. They have a very high aspect ratio
28
 ranging from 20 to ~10000 in 
extremely high aspect ratio
29
 CNT. In contrast, the aspect ratio of the protrusions found in 
our samples was less than 0.1, hence geometrical enhancement was not considered for 
such flat films. Thus, βex was taken to be unity and equation 3.1 becomes, 
                                                                                                                     
(3.2) 
This meant that the ratio of the slopes corresponded to a ratio of internal enhancement 
factors (βin) such that β100:  β400:  β700 = 1:  1.48:  1.90. This ratio is expected not to 
change with different inter-electrode distances as it represents the difference between the 
samples. However, the values of the individual β of the samples at different distances will 
change.   
 Using the data obtained from varied anode-cathode distances, the Von 
versus distance (Von-D) curves with an inverted y-axis was plotted to illustrate the 


















 Fig. 3.9 Fowler-Nordheim plots at 50 µm for films deposited at 100, 400 and 700 
o
C. 
            
 









distances were varied in vacuum from 1 to 100 µm on the same spot of the sample. By 
inverting the axis, the graph is the potential profile of electrons in vacuum. A detailed 
illustration of the graph conversion can be found in ref. 30.
30
 From this, the electric field 
in vacuum during emission was obtained by determining the slopes (Λ) of the Von-D 
curves and the majority of the voltage drop was seen in vacuum. The electric fields in 
vacuum for samples deposited at 100, 400 and 700 
o
C were 33.1, 23.9 and 16.4 V/µm 
respectively. It can also been seen that for the 700 
o
C sample, the bending of the vacuum 
level was the least required for emission. Thus, at any tested distance the barrier for 
emission was lowest for the 700 
o
C sample. 
 Subsequently, Wentzel–Kramers–Brillouin (WKB) approximation, which has been 
used to describe the tunneling probability of a triangular barrier formed when the vacuum 
level potential bends under a strong electric field, was used to obtain a relationship 
between β and electric field in vacuum (Λ).31 In this approximation, the equation for 
transmission coefficient is, 
                                                    D=                                                (3.3) 
where  is the barrier height, m is the electron effective mass, and Λ is the electric field 
in vacuum, which was determined from the slopes of the Von-D curves. From the WKB 
equation, the barrier height ratio was related to the electric field in the form β 1/ β 2 = Λ 2/ 
Λ1, identical to the relationship derived from the F-N equation. Calculating the barrier 
height ratios then gave β100: β400: β700 = 1: 1.46: 2.02, agreeing well with the barrier 
























 From the typical I-V curves, the turn-on field, defined as the voltage divided by the 
anode-cathode separation, was plotted as a function of the separation for samples 
deposited at 100, 400 and 700 
o
C. The applied turn-on fields (Eappl) increased 
exponentially with decreasing anode-cathode distance as seen from Fig. 3.11. In opposite, 
with the increase in anode-cathode distance, Eappl for the samples decreased and settled to 
a saturated value after the distance of about 10 µm. Such turn-on fields versus distance 
line shapes are typically observed for CNT and other tip emitters, thus hinting a possible 
tube-like emission mechanism from the nanostructured graphite films. 
 
 
Fig. 3.11 Turn-on field versus anode-cathode distances of films deposited at 100, 400 and 700 
o
C. 
Inset (a) shows typical line shapes with 2 different height approximations determined from 
simulations in Ref. 37. Inset (b) shows line details at small distances. 





3.4.2 Emission mechanism of nanographite clusters in a-C 
matrix  
The tube-like emission from atomic smooth DLC can be revealed by considering 
the parameters and emission mechanism in materials. In field emission studies, emission 
properties are commonly summarized to a parameter that serves as a measure of field 
enhancing ability of the sample, otherwise known as the field enhancement factor, β. 
However, comparison of β values should be made with caution as β depends strongly on 
experimental setup and even more so on anode-cathode distances.
32
 As such, it is more 
meaningful to present the series of β values as a ratio across our samples since anode-
cathode distance was varied. In addition, a comparison of β for samples in this work 
against various carbon-based field emitters can be found in Table 3.2.  
The process of field emission occurs in 3 steps; first, electrons are injected from 
the back contact into the film. Second, the electrons will have to travel within the film 
and lastly be transported to the surface where the electrons emit into vacuum in this last 
step. To improve field emission properties, either of the steps should be enhanced, or 
ideally all steps should be enhanced, either through use of different substrates, dopants or 
surface treatments. For instance, using a semiconductor as substrate can allow only 
electrons with sufficient energy to tunnel through the substrate-film heterojunction and 
give a higher energy electron population transversing the film.
33
 Additionally, the 
limiting step differs for various films such as for polymeric films like nitrogen doped a-
C:H films, electron injection is the crucial factor while for diamond-like carbon, the 
barrier mainly lies at the film front. Sp
2
 bonded graphite is highly conductive while sp
3
  





Table 3.2 Comparison of field enhancement factors of various carbon-based emitters. 











200 μm etched W 
needle 
50 μm 160 This work 




200 μm etched W 
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50 μm 236 This work 
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planes dispersed in 
amorphous matrix 
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4 mm dia. stainless 
steel ball  
- 171 Gröning et al.
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Ag Doped DLC ITO Parallel Plate 200 μm 2081–5876 Ahmed et al.
10
 
Multi-wall CNT film 
3 mm dia. stainless 
steel cylinder 





3 mm dia.stainless 
steel cylinder 
1 mm 30, 000 Bonard et al.
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bonded diamond has negative electron affinity. Both of which are properties that can 
facilitate field emission.  
Conduction can occurs through 2 ways; i) directly through overlapping graphite 
clusters or ii) by a hopping mechanism that occurs both between the nanographite 
clusters and sp
2
 short chains in the a-C matrix. An increased amount of nanographite 
clusters can increase the conductivity of the films as well as improve electron hopping, 
which is the main conduction mechanism in a-C films.
35
 As such, the nanographite 
clusters can form conductive channels through the matrix, transporting electrons to the 
emission sites in vacuum. These conductive channels are estimated to be about 100–600 
nm but physical features of such length have not been observed directly in literature. On 
the surface, field lines will concentrate at the more conductive elements which are the 




 elements would also mean 
different local fields experienced, such that the emission can be seen to occur from freely 
suspended conducting channels in vacuum (as the channels are encased in an insulating 
matrix), mimicking the behavior of CNT. This emission enhancement mechanism for 
diamond-like carbon and its related composites was first proposed by Gröning.
36
 
This CNT or tube-like emission is further ascertained as we observed an 
exponential increase in turn-on field when the anode-cathode distance was reduced below 
10 um, while a saturated value was obtained for distances above 10 um as shown in Fig. 
3.11. This corresponded to a variation of β as the anode-cathode distance changes in 
order to preserve a constant local electric field (Eloc) at all distances. This is contrary to 
previous beliefs that β does not change with distance and emission data for various 
materials were compared across inconsistent distances.
32
 This decreasing Eappl trend with 





distance has been observed only for CNT
37
 and iron tip emitters
38
 and the expected thin 
film behavior line shape (dashed) is illustrated in inset 3.11(a). This proves that 
nanoclustered graphite films may not be as “flat” in terms of field emission as we think it 
might be. As such, a new understanding for field emission from graphitic planar films is 
needed.    
 The shape of the plot in Fig. 3.11 can be explained by the empirical equation below, 












                                                        (3.4) 
where E is the field, V is the applied voltage, D is the distance between anode and 
cathode and h is the height of the feature or conduction channel. A typical way of 
defining distance is to start the measurement from the bottom of the substrate as 
illustrated in inset 3.11(a) while it is in fact more appropriate to start the measurement 
from the tip of the emitter feature. The curve obtained can be divided into 2 regions, 
namely the near-anode region and far anode region. In the near anode region, the term 
1/(D-h) dominates the equation and small changes in D can greatly affect the shape of the 
plot, giving a sharp slope for small distances. When D is very much larger than h in the 
far anode regions, the distance related term approximates to 1/D regardless of the changes 
in h. This approximation agrees well with simulation results from CNT.
37
  
 It was also observed that for distances below 10 µm (Inset 3.11(b)), turn-on fields 
for the 700 
o
C sample was larger than the 100
 o
C sample while the trend was reversed at 
distances greater than 10 µm. This can be explained by considering the feature height and 
dominating factors in the 2 regions. First, given that h700>h100, this would imply that 1/(D-





h700) >1/(D-h100) for the near anode region and this would result in a higher Eon for 700
 o
C 
sample. Likewise, at the far anode region, feature height is no longer a dominating factor 
and distance terms for both cases are 1/D. Thus, in this region, β dominates the equation 
instead and given that the β700 is twice that of β100 as determined earlier, Eappl-700 is 
smaller than Eappl-100 in accordance to equation 1.5. 
 
3.5 Summary 
In summary, in-situ heating during deposition led to the formation of 
nanographite clusters within an a-C matrix. Sp
2
 content and aromatic ring formation 
within the films increased with temperature. With the formation of nanostructures within 




 inhomogenities in the microstructure, field emission was enhanced.  
Internal enhancement factor ratios were both determined with F-N relationship and WBK 
approximation showing that the enhancement was doubled with increasing temperatures. 
Through analysis of the turn-on field at various anode-cathode distances of field emission, 
a CNT-like emission mechanism was observed for the nanographite clusters embedded a-
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Chapter 4  
Pulsed laser fabrication of few-layer 
graphene using metal substrates 
 
 In this chapter, pulsed laser deposition (PLD) was used to fabricate few-layer 
graphene (FLG). The effects of cooling rate and laser energy on graphene growth on Ni 
metal substrates were studied in section 4.2. In section 4.3, the feasibility of Ni, Co, Fe 
and Cu metal as substrates for graphene growth with PLD was explored. The use of 
different laser wavelength PLD systems was studied in relation to graphene growth in 
section 4.4. Lastly, FLG field emitters were fabricated and studied in section 4.5. 
 
4.1   Introduction 
In recent years, increased attention has been directed towards exploring 
alternative methods to fabricate graphene, in particular, graphene through the deposition 






 have been used in 
the synthesis of graphene. Using metals to catalyst the growth of graphene or growing 
adsorb graphene on metal surfaces is the third most used method of graphene synthesis 
after mechanical exfoliation and epitaxial growth on SiC. High temperature requirements 
(1000–1600 oC), ultra-high vacuum condition (10-9 Torr), as well as the difficulties in 
removing graphene from chemically stable SiC often complicate the fabrication process 
and escalate costs.
5
 For graphene on metal substrate, free-standing graphene can be 





obtained by etching with acid and transferring the graphene onto another substrate of 
choice and can thus be a more effective method of fabrication. The range of graphene 
thicknesses obtained from graphene grown on metals is also smaller as compared to 
methods such as mechanical exfoliation.
5
 Hence, growing graphene on metals presents 
several advantages including reduced temperatures, less stringent vacuum conditions and 




Currently there are two main techniques that make use of metal substrates for 
graphene growth; they are (i) chemical vapor deposition (CVD) and (ii) segregation. 
CVD graphene has been proven to be a successful technique for growing large area 
graphene (~cm
2




 as the main catalysts and hydrocarbon gas 
sources. For instance, Reina et al.
4
 reported the fabrication of 1–12 graphene layers over 
large area on Ni substrates using atmospheric pressure CVD. Li et al.
7
 also fabricated 
large area graphene on Cu using CVD with methane and hydrogen gas source. In addition, 
it was observed that the thickness of graphene layers did not increase with the thickness 
of Cu as the growth process was self-limiting.
8
 Although CVD graphene is very 
successful on Cu metals, the self-limiting formation of monolayer graphene on Cu may 
be a deterrent for certain electronic applications. This is because monolayer graphene 
lacks a bandgap, which is required for on/off switching in devices.
9
 Conversely, FLG is a 
2D semimetal, which has been used to fabricate devices such as field effect transistors 
(FET). 
10
 Studies have also suggested that FLG may be better for graphene FET as it 
gives better manufacturing reliability.
11
  





For segregation, the carbon source can be in the form of a hydrocarbon gas or in 
the form of a solid-state carbon target, with the former being an unlimited source of 
carbon and the latter being a limited source. Generally, this method makes use of the 
carbon solubility of metal where carbon is absorbed by the metal at a higher temperature. 
When the temperature is reduced, the carbon solubility is exceeded and precipitation of 
the excess carbon occurs at the surface of the metal. However, it should be noted that 
carbon uptake by the metals occurs at temperatures above 600 
o
C, thus this is the 
minimum temperature at which such methods can succeed.
12
 Single or few-layer growth 
can be achieved by controlling the cooling profile during segregation. Previously, Yu et 
al.
13
 have fabricated graphene on Ni by segregation using a CH4: H2: Ar gas source at 
1000 ºC.  
Methods that make use of gaseous carbon sources whether in CVD or segregation 
techniques,
 
require the Ni-catalyzed decomposition of the hydrocarbon gas source and 
subsequent diffusion into the metal, thus needing a longer time (>10 times) for the carbon 
dissolution process. Here, the uptake of carbon by the metal can only be increased by an 
increase in temperature. In this chapter, FLG was fabricated using pulsed laser ablation of 
solid carbon targets at a relatively lower temperature of 750 
o
C, whereby the carbon 
source was limited to that supplied within 1.5 minutes of target ablation (~7 nm of 
carbon). PLD has been a popular method for fabricating a-C materials such as DLC and 
its related nanostructured composites.
14
 This is because PLD provides carbon species that 
possess energy up to a few hundred eV
15
 and particularly the energy of carbon species for 
short wavelength lasers fall within the favored energy range for carbon sub-
implantation,
16
 a mechanism required for DLC formation.  





From the point of view of segregation, the charged energetic carbon species 
generated in the PLD plume has an added advantage of reduced carbon uptake duration. 
The time taken for the absorption of carbon atoms into the metal layer is reduced for PLD 
deposited carbon as solid solution formation of carbon in metal is facilitated by the 
charged carbon ions that are able to penetrate the surface i.e. implantation of carbon ions. 
Neutral carbon atoms on the other hand are unable to penetrate the surface and will be 
deposited on the surface and absorbed by diffusion thereafter. In the case of solid-state 
carbon segregation, the metal substrate was solely used as a medium to absorb incoming 
carbon, instead of a catalyst to break down hydrocarbon gases.  
Graphene was first fabricated using PLD in 2010 by Zhang et al
17
 with deposition 
temperatures ranging from 1000 to 1300 
o
C and subsequently a study on FLG at reduced 
temperature using PLD was carried out by Koh et al.
18
 While extensive research has been 
carried out with CVD or segregation with gaseous carbon sources, extremely limited 
information and studies are available on the parameters that affect segregation using 
energetic carbon sources (e.g. from PLD) and solid-state metal-carbon diffusion methods. 
Factors such as temperature, cooling rate, amount of carbon and laser energy (when using 
a pulsed laser system) has to be controlled well in accordance with the type of method 
used to achieve the desired results. 
In section 4.2, changes in the quality and thickness of graphene formed on Ni 
substrates using different cooling rates as well as different energies of the pulsed laser 
beam were studied. Subsequently, in section 4.3, the viability of various metals to form 
FLG from a solid carbon source provided by PLD was investigated. The metals chosen as 
substrates were Ni, Cu, Co and Fe and the lattice constants of graphene, Ni, Cu, Co and 





Fe are 0.357, 0.352, 0.361, 0.251 and 0.287 nm respectively, with Ni and Cu having the 
smallest lattice mismatches. Ni has been largely successful in fabricating graphene in 
several techniques ranging from common methods such as CVD and segregation, to less 
popular methods such as graphene from metal melts.
19
 It was also interesting to find out 
if the self-limiting behavior of Cu can be extended to other forms of carbon sources 
besides gaseous sources used in CVD. Co and Fe are common catalysts for CNT 
fabrication and Co has the highest solubility for carbon among the metals tested. 
Although epitaxial growth of graphene on single crystal Pt,
2
 Ir and Ru 
1
 is well known, it 
was neither included nor the focus of this study as the use of such substrates would 
increase fabrication costs tremendously.   
In section 4.4, the effects of using different laser sources were investigated. The 
two lasers compared were a shorter wavelength excimer KrF laser (248 nm) and a longer 
wavelength Nd:YAG laser (266 nm). Different laser wavelengths are known to produce 




 bonding and thus a different 
microstructure entirely. Using experimental results and theoretical calculations, the 
microstructure differences of segregated graphene using these two different lasers, as 
well as the reasons behind the observed phenomenon were studied. 
It has been established in earlier chapters that graphene possesses the ideal 
combination of electronic, mechanical and optical properties as robust materials for 
electronic applications such as field emission or even transparent emitters. Materials used 
as cold cathode emitters are required to exhibit field enhancing effects whether internal or 
external and the absence of such features can lead to extremely high turn-on fields (Eon) 
or even no possible electron emission at all. The high aspect ratio (area to thickness ratio) 





of graphene could potentially give dramatic field enhancing abilities when combined with 
its good electron transport within the graphene sheet. However, many fabrication 
methods produce graphene sheets that are morphologically flat or planar as graphene 
growth proceeds laterally unlike in the case of CNT where 100 % vertical alignment can 
be easily obtainable. Planar surfaces with no field enhancement can require turn-on 
electric fields of 500–1000 V/µm20, 21 and such high electric fields are undesirable as it 
may cause vacuum breakdown or electrical discharge.
22
 Thus, numerous research efforts 
have been put into achieving vertically aligned graphene through mainly three methods; 1) 
control the CVD growth process to get vertical petal-like FLG nanowalls,
23-25
  2) transfer 
planar graphene sheets grown on metal substrates and process them thereafter to obtain 
the desired alignment on a different substrate
24, 26
 and 3) use chemical processes to obtain 
large quantities of free-standing exfoliated graphene from graphite and deposit graphene 
films with solution processing methods such as filtration,27 spin coating
28
 or screen 
printing.
29
 However, graphene nanowalls (GNW) by CVD in method 1 leads to a high 
density of closely packed GNW that can produce a certain degree of electron screening 
effect, give a higher Eon, depending on the control of density during fabrication. Method 
2 which uses polymer support layers to transfer planar graphene sheets grown on metals 
onto other substrates, can lead to extra defects generated during the transfer and also 
incomplete transfer leads to non-uniform emitter surfaces.
7
 The third method will be 
covered in Chapter 5 and thus not discussed in detail in this chapter.  
Besides aligning graphene, a pre-shaped substrate, in the form of sharp tip 
structures can also be used to help graphene acquire the required protrusions for field 
emission. For instance, Ye et al.
30
  has reported on the fabrication of an emitter made 





from graphene oxide sheets draped onto nickel nanotip arrays such that the flat GO sheets 
acquired sharp protrusions throughout and thereby effectively reducing the Eon. However, 
the conductivity of GO is significantly lesser as compared to graphene and it is possible 
that the authors used GO instead of graphene to demonstrate a large area emitter (35 mm
2
) 
as it is relatively easier to obtain large pieces of free standing GO.  
In order to preserve the conductivity of as-grown graphene, it is best to directly 
align graphene during growth and thus avoid transfer methods altogether. This can be 
achieved by growing graphene onto tip or cone-shaped substrates. However, due to the 
high temperatures used for some methods (>1000 
o
C) to fabricate graphene, metal cones 
will undergo significant diffusion and reflow during the heating process and lose their 
shapes as a result. The method of decomposition of SiC to form graphene is also not 
suitable as it is very difficult to fabricate SiC cones due to its extremely high hardness.
31
 
With the recent knowledge and understanding gained in the area of solid-state 
transformation of carbon to graphene using a PLD deposited carbon source at 
comparatively reduced temperatures, fabrication of FLG covered Ni and Co metal 
nanocones structures that can be used for field emission applications were demonstrated 
in section 4.5. The FLG was grown directly on metal cones and this eliminated problems 
encountered during the transfer of graphene using support layers that in the process may 
result in additional graphene breakage, low surface coverage fraction and incomplete 
transfer that can affect the electron transport properties of graphene. Field emission 
studies were also carried out on the fabricated FLG on the metal nanocones and their 
field enhancing mechanisms were studied. 





4.2   Few-layer graphene from Nickel substrates 
4.2.1 Experimental method 
Ni films of about 600 nm thickness were sputtered onto highly doped (n
++
) Si 
substrates. Subsequently, the Ni thin film substrates were transferred to the KrF (λ= 
248nm) Lambda Physik excimer PLD system, which was evacuated to 5 x 10
-6
 Torr. A 
carbon target (99.9% purity) was ablated with a laser energy of 50 mJ, a pulse duration 
of 25 ns and a frequency of 10 Hz.  The laser spot size was 1 mm
2
 and the target was 
rotated at 6 rpm with the laser ablating a circular outline of 2 cm in radius. Substrate 
temperature was kept at 750 
o
C during ablation. Subsequently, the Ni substrates were 
cooled with three different controlled cooling processes 1, 50 and 100 
o
C/min. In 
comparing the effects of laser energy, the cooling rate used was that of 1 
o
C/min and 
energies 50, 100, 200 mJ were used for the comparison.  
A Reinshaw Raman spectroscopy with 514.2 nm green laser beam was used to 
examine the microstructure of the fabricated carbon. The green laser at 50 mW was 
focused onto the sample with an optical microscope at 50X magnification and the spot 
size was 1 µm. Spectra were obtained in the range of 1000–3000 cm-1. A JEOL JEM 
2010F high resolution TEM (with FEG source) operated at 200 kV was used to obtain 









4.2.2 Cooling rate dependence of graphene growth 
Visible Raman spectroscopy (514.5 nm) is a suitable technique to probe the 
structure of sp
2
 rich carbon as visible excitation is highly sensitive towards sp
2 
bonding 
and its photons resonate with the π states.32 Figure 4.1 shows the Raman spectra of the 





 and 2700 cm
-1
. The D (disorder) peak at 1350 cm
-1
 depends on the breathing 
mode of the six fold aromatic rings, while it is independent of the thickness of graphene 
and is activated purely by disorder. The D peak is thus absent in perfectly crystalline 
graphite. The G (graphitic) peak situated around 1590 cm
-1
 depends on the in-plane 
stretching motion and occurs for all sp
2
 sites inclusive of sp
2
 chains and rings. The peak 
at 2700 cm
-1
 (at a wavenumber exactly double that of D peak) is the second order D peak,  
 
 
Fig. 4.1 Raman spectra of samples cooled at different rates. The laser energy per pulse was 50 mJ. 
 





which is generally referred to as the 2D peak, is present even in the absence of defect.  
There is a significant difference in the shape of the 2D peak between graphite and 
graphene. In graphite, the 2D peak is not symmetrical and has a shoulder peak at a 
slightly lower wavenumber. However, for graphene, the 2D peak is symmetrical. The 
non-symmetrical peak with a shoulder peak attached at lower wavenumber can be clearly 
distinguished when the graphene layers increase to 5 and beyond.
32
 As such, looking at 
the peaks in the Raman spectra, it can be deduced that there were less than 5 layers in the 
FLG samples. The intensity of the Raman peaks also suggested that the graphene layers 
were not single layers and a higher 2D to G peak ratio would mean fewer layers were 
present. Monolayer graphene has I(2D)/I(G) ratio of about 2 and the intensity of G peak 
is known to increase almost linearly as the number of layers increases.
33
 By this 
approximation, the I(2D)/I(G) ratio for the 1 
o
C/min and 50 
o
C/min cooling rates were 
about 0.30 and 0.25 respectively which translated to 3–4 layers, clearly showing features 
of FLG.   
The 3–4 layers of graphene of the 1 oC/min sample can also be directly observed 
in the TEM image (Fig. 4.2(a)), in which the carbon lattice fringes on the surface of the 
Ni films had a lattice spacing of 0.33 nm, confirming the presence of carbon. Figure 4.2(b) 
shows the layered structure of the samples and the Ni layer was seen to react with Si to 
form nickel silicide at the interface, reducing the Ni layer to ~ 400–480 nm. In using a 
cooling rate of 50 
o
C/min, the D peak was observed to reduce such that the I(D)/I(G) ratio 
was 0.75 compared to a 1.15 ratio seen in the 1 
o
C/min cooling rate sample. This 
indicated that a lower amount of disorder or defects were present in the sample cooled 
with 50 
o
C/min. The samples cooled at 50 and 100 
o
C/min were also largely delaminated 





at the Ni film-Si substrate interface when cooling was completed (Fig. 4.3), while 
samples cooled at 1 
o
C/min remained attached to the underlying Si substrate. The lattice 
constants of the materials used are as follow; Ni = 0.352 nm, C = 0.356 nm and Si = 
0.543 nm. Referring to the Raman spectra in Fig 4.1, stress and strain can affect the G 
peak position.
33-35
 As a result of the compressive stress experienced by the layered 
structure, a slightly blue shifted G peak is seen in the Raman spectra in Fig 4.1 for the 
sample cooled at 1 
o
C/min initially while for the samples cooled at 50 and 100 
o
C/min, 
stress was released through delamination.  
The differences in the Raman spectrum can be explained in terms of the 
deposition process by pulsed laser and cooling process thereafter. Firstly, when the laser 
ablates the target, carbon atoms with a certain amount of energy are deposited onto the Ni 
substrate. These carbon atoms can either be 1) deposited onto the surface of Ni before 
diffusing into the Ni thin film due to the heat present or 2) be implanted slightly into 
near-surface regions of the Ni film. As such, the majority of the carbon will be 
concentrated at near-surface regions, while the rest of nickel remained largely carbon free. 
When cooled at 50 
o
C/min, the solubility of carbon in Ni dropped rapidly and the amount 
of carbon atoms that exceeded the solubility limit are precipitated onto the Ni surface. As 
the temperature decreased, carbon atoms continue to precipitate out and heat was 
maintained such that the carbon atoms had sufficient mobility to rearrange themselves to 
form a more ordered crystalline structure. This less defective ordering was translated to a 
lower I(D)/I (G) ratio in the Raman spectra.  
 
 






Fig. 4.2 Cross-section TEM showing (a) the graphene layers above the Ni. (b) Ni/Nickel 




Fig. 4.3 Cross-section SEM showing delamination at Ni film-Si substrate interface for 
medium and fast cooling samples. 
Si substrate 
Ni film (with graphene) 





For samples that were cooled at 1 
o
C/min, the temperature (750 
o
C) was almost 
maintained right after laser ablation was stopped and close to equilibrium conditions were 
experienced. As such, large amounts of carbon atoms remained in the Ni film and had 
sufficient time to diffuse from near-surface regions deeper into the bulk of the Ni film 
where a larger amount of carbon can be dissolved in Ni without reaching its solubility 
limit. As such, a minimal amount of carbon segregated on the surface as the temperature 
was decreased slowly. Owing to the competition between segregation and diffusion 
deeper into the bulk Ni, the larger amount of un-precipitated carbon that remained in the 
Ni film after slow cooling (1 
o
C/min) resulted in a higher D peak (Fig. 4.1) as compared 
to the sample with medium cooling (50 
o
C/min), which had less carbon remaining in the 
Ni film after segregation. No 2D peak was detected for sample cooled at 100 
o
C/min as 
the large amount of carbon that was precipitated onto the surface lacked the mobility to 
form crystalline carbon within a much shorter cooling time and instead a more disordered 
form of carbon was formed.  
 
4.2.3 Laser energy effects on graphene growth 
It is well understood that the laser energy affects the penetration depth of atoms 
onto the substrate and this affects the carbon precipitation process.
36, 37
 The Raman 
spectra shown in Fig. 4.4 are samples fabricated with laser energies, 50, 100 and 200 mJ. 
It can be seen that using 50 and 100 mJ yielded similar results, while using 200 mJ 
produced no 2D peaks. In the pulsed laser process, a higher laser energy would give rise 
to more energetic carbon atoms and subsequently lead to a deeper implantation of carbon 
atoms into the Ni film bulk which has not exceeded the solubility limit. While 100 mJ  





and 50 mJ ablations would result in a shallower implantation in regions nearer to the 




Fig. 4.4 Raman spectra of samples in which different pulsed laser energies were used. Cooling 














4.3 Few-layer graphene segregation using other metal 
substrates 
4.3.1 Experimental method 
Metal films of approximately 500–600 nm thickness were sputter-deposited onto 
highly doped (n
++
) Si substrates. The thin metal film substrates were subsequently 
transferred to the PLD chamber. The laser energy used in this section was 50 mJ. The 
other laser parameters and chamber conditions used remained the same as those detailed 
in section 4.2.1. The metal substrates were then cooled under controlled cooling at an 
initial rate of 1 
o
C/min until the temperature was 550 
o
C, followed by a faster cooling rate 
of  20 
o
C/min to room temperature. 
 
4.3.2 Segregation of graphene on different metal substrates 
Figure 4.5 shows the Raman spectra of the various metal substrates that were used 
during deposition. As observed, there were two peaks present at ~1350 and ~1590 cm
-1
 
across all four metals. In the case of Ni, there was an additional peak at ~2700 cm
-1
. 
These peaks at 1350, 1590 and 2700 cm
-1
 corresponded to the disorder (D), graphitic (G) 
and second-order disorder (2D) peak respectively.
33
 The G peak, which is a non-resonant 
scattering process (does not involve real electronic states), occurs due to the in-plane 
vibrations of the sp
2
 carbon whether in chain or ring form. This peak is caused by the 
phonons near the Brillouin zone centre (otherwise known as Γ point) whose momenta are 
small. The D and 2D peaks are due to double resonant scattering processes, which 





involve two continuous electronic transitions between two real states with different 
energies and momenta, and are caused by phonons near the K point of the Brillouin 
zone.
38
 Its shape and intensity can be used to determine the presence of graphene or 
graphite and the thickness of graphene respectively. Based on the Raman spectra, it 
appeared that only Ni was successful in forming FLG while carbon on the other metal 
substrates was more disordered even though there was some evidence of clustering.  
The shape of the 2D peak was symmetrical and the absence of the shoulder peak 
at lower wavenumber suggested that FLG was present.
39
 Based on the peak shape in our 
Raman spectra, it can be seen that there were less than 5 layers in the FLG on Ni samples. 
For a more detailed estimation from the I(2D)/I(G) ratio of ~0.30, the graphene on Ni 
corresponded to 3–4 layers.7 
TEM images of the graphene on Ni when the cooling conditions are (a) suitable and 
(b) too fast are shown in Fig. 4.6(a) and (b) respectively. In Fig. 4.6(a), few-layer 
graphene which was imaged as lattice fringes was seen on top of Ni and it agreed well 
with the Raman results of 3–4 layers. Fringes on the surface of the Ni films had a lattice 
spacing of 0.33 nm, thereby confirming the presence of carbon. On the other hand, Fig. 
4.6(b) shows the carbon lattice fringes that appeared to be more disordered and were 
oriented in various directions. 






Fig. 4.5 Raman spectra of carbon deposited on various metal substrates. Few-layer 
graphene was formed only on Ni metal substrates when cooled with 1
 o








Fig. 4.6 Cross-section TEM showing (a) the graphene layers above Ni (b) a more disordered form 
of graphite formed when cooling conditions were too fast. 





4.3.3 Effect of cooling rate when using different metals 
Figure 4.7 shows the Raman spectra of Ni and Cu substrate samples that were 
subjected to different cooling profiles after the deposition of carbon. For the 50 
o
C/min 
cooling rate it was seen that only Ni was observed to be successful in forming graphene 
as shown by the 2D peak it exhibited, whereas the absence of the 2D peak indicated that 
there was no graphene on Cu. For the 100 
o
C/min cooling rate, both Ni and Cu failed to 
yield any positive results for graphene. This showed that cooling rate is critical in the 
formation of graphene or polycrystalline graphite. 
 
 
Fig. 4.7 Comparison of Raman spectra between Cu and Ni samples in which different 
cooling rates 50 (top) and 100 
o
C/min (bottom) were used. 






Fig. 4.8 Comparison of FLG grown on Co (top) and Ni (bottom). Full coverage was obtained on 
Co substrate, while areas with graphene on Ni are indicated by the black arrows (inset). 
 
Few-layer graphene was also formed on Co when a faster cooling profile 
(20 
o
C/min) was adjusted to cater to Co. The Raman spectrum of FLG on Co is shown in 
Fig. 4.8 where D, G and 2D peaks were present. This was also confirmed by TEM images 
in Fig 4.9 which showed 2–3 layers of FLG. Under the optical microscope, it was 
observed that the FLG grown on Co gave a higher surface coverage as compared to the 
FLG on Ni sample. The as-grown FLG on Co was also transferred to Si substrate by 
dissolving the Co metal in dilute HCl and it was observed that the D peak in the Raman 
spectrum decreased significantly (Fig. 4.10). This showed that a large part of the disorder 
contributing to the D peak was attributed to the amorphous carbon that was embedded 
deep within the metal substrate during the pulsed laser ablation and that the segregated 
FLG was relatively free of defects by itself. 










Fig. 4.10 Raman spectra of (a) as grown few-layer graphene on Co (top). (b) Transferred few-
layer graphene on Si, which has a significantly reduced D peak indicating relatively few defects 
in the graphene (bottom). 





This phenomenon was also observed on areas where the Ni and Co metals were 
covered during carbon deposition using PLD. With the use of stainless steel clips, certain 
areas of the Ni and Co metals were blocked from the forward directed carbon plume. It 
was observed that areas with carbon directly deposited onto, gave Raman spectra that 
were a superposition of disordered carbon and graphene peaks, while areas that were 
covered by the clips gave graphene with significantly reduced defects as seen from the 
Raman spectra of the respective areas in Fig. 4.11. Graphene was able to segregate on the 
covered area by diffusion of the carbon atoms nearby. This confirmed that most of the D 
peak counts belonged to the underlying carbon dissolved in metal.  
 
 
Fig. 4.11 Raman spectra of areas covered and uncovered during carbon deposition and  
segregation.  






Graphene on metal substrates can be fabricated by two methods. The first method 
is by segregating dissolved carbon in metal onto the surface under controlled temperature 
annealing after carbon deposition (e.g. with PLD) and the second method is by 
decomposing a precursor gas such as ethylene or methane on the metal surface, as in the 
case of CVD. The former is a physical process that involves properties such as the 
solubility of carbon in metal while the latter is a chemical reaction that makes use of the 
metal layer as a catalyst to break down the gaseous carbon source. Another difference 
between a CVD process and a PLD segregation process lies in the carbon source. In CVD, 
the carbon source is in the form of a gaseous gas mixture, which way surpasses the 
amount of carbon needed to form FLG. Conversely, PLD uses a solid carbon target, 
which limits the carbon source during segregation to that supplied during target ablation.  
Lastly, the carbon supplied by PLD is an energetic source of carbon ions, which can 
penetrate deeper into the metal layer rather than stay on the metal film surface. 
Across the four metals tested, graphene was formed only on top of Ni but not on 
Cu, Co, Fe. To better understand this, the solubilities of carbon in these metals should be 
examined. The carbon solubilities in Ni, Cu, Co and Fe at about 700 ºC are 1, 0.05, 1.9 
and 0.3 at.% respectively.
40
 The relatively high solubility of carbon in Ni at 700 ºC 
supported the formation of graphene on Ni. On the other hand, given the extremely low 
carbon solubility in Cu, the precipitation process could not produce enough carbon to 
give crystalline graphene as insufficient carbon was absorbed into Cu. Instead, the as-
deposited carbon remained largely on top of Cu and as heating proceeded and the initially 





amorphous carbon on top of Cu began to exhibit signs of clustering as observed by 
separate D and G peaks. This is in stark contrast to copper’s success when using CVD, 
which gave self-limiting growth of single layer graphene. This is due to the non-chemical 
nature of the segregation method, which does not rely on the catalytic ability of metals 
and depends solely on its carbon solubility. As such, a metal with sufficient carbon 
solubility would be desired over its catalytic ability when PLD deposition followed by 
segregation is employed. 
It is however interesting to note that there was no positive result for graphene on 





C/min) for Ni was used. To understand this phenomenon, the rates of diffusion of 
carbon into Co and Ni are considered. The rate of diffusion is characterized by a constant 
known as the diffusion coefficient, D, which can be expressed as: 




AD                                            (4.1) 




, Q is in kJmol
-1






The A and Q values for Ni are 0.12 and 137.3 respectively while the A and Q 
values for Co are 0.31 and 153.7, respectively.
41
 As the activation energy, Q, is in the 
exponent factor, it dominates the equation, making diffusion of carbon in Co slower than 
that of Ni. The diffusion coefficients of carbon at 1000 ºC in Ni and Co are calculated to 
be 2.79 × 10
-11








 This implies that Co required a 
different cooling recipe from Ni due to differences in their physico-chemical properties 
and this can be explained through the formation process. During the cooling process, 





there is a competition between two processes; a) carbon atoms diffusing in towards the 
metal substrate closer to the Si side that contains low concentration of carbon and b) the 
precipitation process that results as the carbon solubility limit in metal is exceeded. 
 In the case of Co, which has a higher carbon solubility and lower diffusion 
coefficient, when the cooling profile is slower, carbon atoms can make use of the longer 
time to diffuse further into the metal film. As a result, it is more difficult for near surface 
carbon atoms to exceed the solubility limit when a higher temperature is constantly held 
for an extended period of time since carbon with low D can have more time to 
redistribute. Conversely, a faster cooling rate (at 20 
o
C/min from 750 
o
C to room 
temperature), would maintain a carbon saturated near-surface region to allow for 
adequate precipitation, which led to the formation of FLG (Fig. 4.12). On the other hand, 
for Ni, which has almost half the carbon solubility compared to Co, can easily exceed the 
solubility limit when the temperature gradually decreases. From the distinct D, G and 2D 
peaks observed in the Raman spectra for Co, it was suggested that the fabrication FLG on 
Co was crystalline or nanocrystalline. As such, the Tuinstra-Koenig (T-K) relation
43
 can 
be used to provide a size estimate (La) of the graphitic domains where La= C 
()[I(D)/I(G)]-1 and C(514.2nm) is ~ 4.4nm. The La value for FLG on Co was calculated 
to be 19.5 nm. However, it should be noted that the T-K relation has a tendency to 
underestimate the domain size due to the dominant effect of small crystallites and the 
equation assumes a uniform domain size throughout the sample.
44
 Therefore, larger 
domains should be present in the fabricated FLG.  
 






Fig. 4.12 Illustration of carbon atom concentration throughout the Co film as a result of slow and 
fast cooling profiles. Carbon atoms are diffused deeper into the Co film and harder to precipitate 
















4.4 Few-layer graphene segregation using different 
pulsed laser wavelengths 
4.4.1 Experimental method 
Nickel films of approximately 500–600 nm thickness were sputter-deposited onto 
highly doped (n
++
) Si substrates. The thin metal film substrates were subsequently 
transferred to the pulsed laser systems which were evacuated to 5 x 10
-4
 Pa prior to 
deposition. The pulsed laser systems used were 1) krypton fluoride (KrF, λ= 248nm) 
Lambda Physik excimer PLD system with a pulsed duration of 25 ns and 2) neodymium-
doped yttrium aluminum garnet (Nd:YAG, λ= 266nm) with a pulse duration of 10–18 ns. 
The frequency and laser energy was 10 Hz and 50 mJ for both lasers. A carbon target 
(99.9% purity) was ablated with the respective lasers. Substrate temperature was kept at 
750 
o
C during ablation. Deposition was carried out to yield an estimated thickness of 7 
nm of carbon film if it had been deposited on silicon. The metal substrates were then 
cooled under controlled cooling at an initial rate of 4 
o
C/min until the temperature was 
550 
o
C, followed by a faster cooling rate of 20 
o
C/min to room temperature, unless stated 
otherwise.  
 
4.4.2 Segregation with Nd:YAG and KrF pulsed laser 
The Raman spectra of graphene segregated using carbon from the Nd: YAG laser 
seen in Fig. 4.13 showed 3 distinctive peaks at ~1347 (D peak) and ~1582 cm
-1
 (G peak) 
and ~2687 cm
-1 
(2D peak) which are peaks characteristic of graphene layers. The peak at 
2900 cm
-1
 is a combination peak of G and D peak. Similarly, the three characteristic 





peaks were also observed in the Raman spectra (Fig. 4.14) obtained from the graphene 
segregated from carbon from the KrF laser under similar conditions. The D, G and 2D 
peak for KrF fabricated sample was at 1338, 1577, 2698 cm
-1 
respectively. The D peak, 
indicates the presence of defects or numerous graphene edges. As the shape and position 
of the 2D peak depends on the electronic properties of the carbon structure, the 
symmetrically shaped 2D peak (with no shoulder peak) suggested that the peak belonged 
to graphene layers and not bulk graphite.  
The position of the 2D peak was used to determine the thickness of the graphene 
layers. The peak wavenumber is also known to increase with the number of layers.
45
 As 
the Raman spectra of KrF showed a 2D peak at 2698 cm
-1
 as compared to 2689 cm
-1
 in 
the Nd:YAG sample, the Nd:YAG sample can thus be deduced to consist of relatively 
thinner graphene layers.
46
 The G peak, which is also known as the graphitic peak has 
intensity that increases with the number of graphene layers while peak position 
wavenumber decreases with thickness.
45
 The position of G peak in the KrF sample was 
1576 cm
-1
 as compared to the 1582 cm
-1
 peak in Nd:YAG sample, which pointed to a 
thinner graphene stack in the Nd:YAG fabricated graphene once again. Furthermore, 
through the relative peak intensities of the 2D and G peak, the thickness of the samples 
can be further verified. As a reference, the I(2D)/I(G) ratio of a single layer graphene 
sample is 2.
33, 47
 From Fig.4.13, I(2D)/I(G) ratio is 1.57, which translated to ~2 layers of 
graphene for the Nd:YAG fabricated sample. In addition, the I(2D)/I(G) ratio is 0.30 in 
Fig. 4.14, which gave ~4 layers of graphene for the KrF fabricated sample. Raman 
spectra in Fig 4.15 obtained from various spots on the sample deposited with Nd:YAG 
laser showed that the graphene thickness at these spots were rather uniform within a  





















range from 2–3 layers. However, it should be noted that not 100% coverage was observed 
through optical microscope images as seen in Fig 4.15.  
Additionally, segregation was also carried out using Nd:YAG laser at a different 
cooling rate of 20 
o
C/min and it was observed that few-layer graphene was also formed at 
this cooling rate as shown in Fig. 4.16. However, the resultant graphene was thicker as 
seen from the lower I(2D)/I(G) ratio of 0.78. The faster cooling rate (20 oC/min) allowed 
for more graphene layers to precipitate during cooling.  
 
 
Fig. 4.15 Raman spectra of graphene on Ni segregated from carbon deposited by Nd:YAG laser 
at 5 different spots. Optical images (right) show the spot that was scanned. 
 






Fig. 4.16 Raman spectra of graphene on Ni segregated from carbon deposited by Nd:YAG laser 





It is known that the type of laser (i.e. wavelength) and laser fluence (J/cm
2
) will 
affect the characteristics of the ablated plume components such as energies of the ions 
and type of ions and neutrals present within the plume.
15
 These will in turn affect the 
microstructure and resultant type of film obtained.
48
 As such, it is imperative to 
understand the type of lasers used in this experiment. On one hand, Nd:YAG is a solid-
state laser that makes use of a crystal as the laser source. The wavelength of such lasers 
naturally occurs at 1064 nm. However, through the use of Q-switching, output powers 
can be increased and pulsed duration reduced to the nanosecond range. The laser 
frequency can thus be doubled, tripled or quadrupled to give 532, 355 and 266 nm 
wavelengths respectively, which are higher harmonics of laser radiation.
49
 On the other 





hand, KrF is a gas based laser that makes use of the reaction between krypton and 
fluorine gases to emit a laser at wavelength 248 nm, which is in the near ultraviolet range.  
The process of plasma formation from a target when a pulsed laser ablates the 
target can be divided into three main steps. In the first step, the incident laser radiation is 
absorbed and interacts with the surface atoms of the target. This electronic absorption is 
followed by extremely rapid heating of the target surface and leads to the formation of a 
plume that consists of positive carbon ions, electrons and neutral particles. When the 
laser fluence used is high enough for the surface temperature to reach beyond the critical 
temperature instantly (as is the case of this study), thermal evaporation by phase 
explosion occurs. The density of excited atoms increases with the laser fluence to a point 
where the target surface is no longer a bound solid but should be regarded as a dense gas 
in which strong repulsive forces of the like-charged ions are present. This repulsive force 
in combination with the evaporation of material leads to the expulsion of energetic 
particles.
50
 A shorter wavelength laser, thus a higher photon energy, will have a lower 
optical penetration depth and result in a smaller ablated area and hence give particles with 
higher energy. For carbon target which has a high melting point and thermal conductivity, 
droplet emission is reduced.
15
  
In the second step, the incident laser beam interacts with the expelled target 
material leading to the formation and expansion of an isothermal plume. As the expulsion 
of target material through the initial interaction between incident laser and target occurs 
in the range of picoseconds and the pulse duration of the laser is in the range of 
nanoseconds, the plume will be irradiated by the incident laser beam unless a pulse 
duration smaller than the picosecond range is used.
51
 Hence, this laser interaction with 





the expelled plume is a significant process in the ablation process. At this stage, 
absorption of the laser by the plume leads to the attenuation of the laser intensity incident 
on the target and also leads to additional excitation, fragmentation and ionization of 
plume species.  
Lastly, in the third step, the plasma expands adiabatically in an anisotropic three 
dimensional manner with an overall forward direction that is characteristic of pulsed laser 
ablation.
50, 52
 The first two steps occur during the laser beam irradiation period (i.e. pulse 
duration), while the third step occurs after the laser pulse irradiation ceases. The 
microstructure of the resultant film depends on temperature of the substrate and energies 
of the plume species which is dependent on the wavelength, pulse duration, intensity and 
energy of the laser source.  
In laser plume studies of Nd:YAG ablated carbon, it was observed using time-of-
flight mass spectroscopy data that the size of carbon clusters decreases with increasing 
laser power for 1024 and 532 nm. But in the 266 nm laser ablated plume, carbon ion 
clusters were below C7
+
 even when the laser power density was at the lowest. This 
showed that photoelectronic excitations played an important role in shorter wavelength 
ablation as large carbon clusters (Cn
+
 where n≥7) are dissociated photoelectronically by 
absorbing the 266 nm radiation. The dominant carbon ion species in the carbon plume 
ablated by 266 nm wavelength is C
+
 at a fluence of ≥ 5 Jcm
-2
 together with some C3
+
 and 











 ion species were present.
48, 53, 54
 





It has been reported that the ablation rate and energetics of the plume are affected 
by the absorption of laser fluence by the target, which is dependent on the optical 
properties of laser-target interactions, rather than the thermal properties of the target 
material.  As such, the energy absorbed by atoms from the incident laser pulse was 
calculated for each laser system by dividing the laser fluence by the number of neutrals, 
nn. As mentioned earlier, the laser pulse will interact with the expelled plume as well, 
since the pulse duration is greater than the plume expansion duration. The absorption of 
the laser by the plume subsequently occurs by an inverse bremsstrahlung process and its 
absorption, αp can be estimated by, 


























                                     (4.2) 
where Z, ni, T, h, k and υ are the average ion charge, ion density and temperature of the 
plasma, Planck constant, Boltzmann constant and frequency of the laser light, 
respectively.
52, 55
 The ion density, ni, in cm
-3
 can be approximated by using Saha 
equation
55
, which can be expressed as, 

















nTn ini                     (4.3) 
where nn is the density of neutrals in cm
-3
 and Ui is the first ionization potential of carbon 
atom which is 11.26 eV.
56
 The temperature was taken to be 3600 K, which is the 
sublimation temperature of carbon. As αp is directly proportional to ni
2
, absorption mainly 
occurs very near to the target surface where ni is high. 





 The laser energy absorbed by electronic absorption, Q, can be estimated by the 
product of αp and fluence of the laser I, in J/cm
-3
 (equation 4.4). From these calculations, 
the energy absorbed per carbon target atom due to the incident laser (first step of 
ablation), E1, and the additional energy absorbed due to laser-plume interactions (second 
step of ablation), E2,  can be estimated by,
57
  
                    IQ p              (4.4) 
From the estimations of energies absorbed by a carbon target atom/ion by the 
absorption and interaction with different laser wavelengths in Table 4.1, it can be seen 
that the energy of the carbon species in the Nd:YAG laser were ~1.26 eV lesser as 
compared to the KrF ablated carbon species. Despite the differences in wavelength and 
energies of depositing carbon species, both types of laser were viable for graphene 
segregation. The lower energy of carbon species from the Nd:YAG laser could also give 
a higher sp
2
 near surface carbon concentration that favored the formation of more 
graphitic rather than amorphous carbon bonds. Thus, it can be seen that the D and G 
peaks of the Nd:YAG graphene was distinctly separated while the KrF graphene spectra 
gave a superposition of graphene and amorphous carbon peaks with a more conjoint D 
and G peaks. In addition, it is expected that similar results will be obtained with the 
Nd:YAG laser as with the KrF system with Ni, Co, Cu and Fe substrates. That is, Ni and 
Co will be suitable but Cu and Fe will not be due to their poor carbon solubilities.   
 
 































KrF 56.34 2.72 × 10
-5
 
Nd:YAG 55.08 3.36 × 10
-5
 





4.5 Fabrication of few-layer graphene field emitters 
using PLD  
4.5.1 Experimental method 
Ni and Co metal nanocones were fabricated from sputter-deposited metal films 
using ion irradiation technique by bombardment with Ar
+
 ions using a Kaufman type ion 
gun (ION TECH. INC. Ltd., model 3-1500-100FC). The incidence angle was 45 
o
C to the 
surface, and irradiation was performed at room temperature for 7 min. The diameter and 
the energy of the ion beam employed were 6 cm and 1000 eV, respectively. The basal 
and working pressures on the ion beam chamber were 10
−5
 and 5 × 10
−2
 Pa, respectively. 
Two types of Ni and Co metal nanocones were prepared for each metal, one with distinct 
taller cones with some small cones in-between and one with a high density of uniform 
shorter cones. From here forth, the two types of cones will be referred to as Type A and 
Type B cones respectively. The prepared metal nanocones were then transferred to the 
KrF excimer PLD chamber and graphene segregation was carried out at cooling rates 
suitable for each metal according to the results obtained earlier and with the same laser 
parameters as detailed in section 4.2 and 4.3. The metal nanocones were examined before 
and after the graphene segregation using a Zeiss Supra 40 FEG SEM.  
 
4.5.2 Microstructural characterization of cones 
Figure 4.17 shows the surface morphology of the as-fabricated Type A (Fig. 
4.17(a, c)) and Type B (Fig. 4.17(b, d)) Ni and Co metal cones. It can be seen that for 





both Ni and Co metals, high density cones arrays resulted from the ion irradiation and 
Type A consisted of tall cones separated by smaller cones while Type B consisted of 
small cone tips with uniform height. For Ni nanocones, the heights of the cones range 
from 400–700 nm for Type A and 200–300 nm for Type B. For Co, the sizes of the 
nanocones range from 400–840 nm for Type A and 200–300 nm for Type B. The apex 
radius of the cones were ~40 nm for the cones in Type A and slightly smaller than that 
for the small cones in Type B. 
The effects of heating on the metal nanocones were studied by carrying out the 
heating and cooling process in the chamber without the deposition of carbon. The 
corresponding SEM images are shown in Fig. 4.18. It can be seen that the heating process 
did not destroy the conical structures entirely and the conical shapes were largely 
maintained. After graphene was segregated using PLD-deposited carbon, the morphology 
of the surface was examined again. Figure 4.19 shows the respective SEM images of both 
Type A and B Ni and Co cones after carbon deposition and graphene segregation. 
Comparing the images to the heat-only Type A cones, it was observed that the energetic 
species did a small amount of additional damage to the cone structures in addition to the 
heat effect. Thus, this made it more critical for the laser energy to be kept to a minimum 
to not cause significant sputtering damage on the cones. The Raman spectra of Ni and Co 
cones after segregation are shown in Fig. 4.20. The three characteristic peaks, D, G and 
2D peaks confirmed the presence of FLG on the metal cones.  
 






Fig. 4.17 SEM images of original as-fabricated Ni cones (a) Type A, (b) Type B and Co cones (c) 
Type A, (d) Type B. 
 
 
Fig. 4.18 SEM images of heat-only (a) Ni (b) Co metal nanocones. 
 






Fig. 4.19 SEM images of (a) Ni (b) Co metal nanocones after graphene segregation. 
 
 
Fig. 4.20 Raman spectra for Ni and Co metal cones. 





4.5.3 Field emission study of graphene coated metal cones 
The field emission I-V plots and F-N plots are shown in Fig. 4.21 and 4.22 for the 
various cone samples. The turn-on voltage (Von) for Type A cones is 70 V and 105 V for 
Co and Ni respectively. Also, the Von for Type B cones is 470 V and 580 V for Co and Ni 
respectively. From the slopes of the F-N plots for the samples, β was estimated to be 275, 
65 for Co and Ni Type A cones, 8 and 4 for Co and Ni Type B cones respectively, when 
the work function of the material was assumed to be 5 eV.  
 
 
Fig. 4.21 Field emission I-V plots for graphene on cone samples. 






Fig. 4.22 Field emission F-N plots for graphene on cone samples. 
 
4.5.4 Discussion 
Spindt tips made of metals such as molybdenum (Mo) were the first cold cathode 
material that was used for field emission displays. Electrons are extracted from these 
sharp tips under a high electric field and used to bombard phosphor screens. However, 
they were susceptible to poisoning by certain elements (e.g. sulfur) that are given off the 
sulfur-based phosphor screen and ion erosion by ion bombardment.
58, 59
 This causes 
blunting of the tips and field emission performance is compromised. As a result, Spindt 
tips are plagued with stability and reliability issues that led to the rise of carbon-based 
field emitters. Given that graphene has excellent mechanical properties and chemically 
stability, growing FLG directly onto the metal cones can help to provide a layer of 
mechanical and chemical protection for the metal cones. 





The as-prepared Ni and Co cones did not reach the electron emission turn-on 
current within the maximum limits of the voltage. But after graphene was segregated onto 
the cones, field emission at a considerably lower voltage took place. This was attributed 
to a change of the tunneling barrier at the interface between the cone tip surface and 
vacuum. From first principles studies of graphene on Ni and Co substrates by 
Khomyakov et al.,
60
 it has been shown that the chemisorption of graphene onto these 
metals resulted in an electron transfer process from metal to graphene which n-doped 
graphene. The work function of free-standing graphene and clean metal surfaces as 
compared to the adsorbed graphene on metal systems are shown in Table 4.2.  It can be 
seen that the work function of pure metal cones was significantly reduced by 1.66–
1.81 eV after the adsorption of graphene. As the emission barrier height is affected by 
work function of a material, a reduced emission barrier height is resulted.
61
 The shift of 
EF has been illustrated in Fig. 4.23 where a schematic of the band structure of the metal 
cone with and without a graphene coating is shown. Similar effects have been cited in the 
cases of gold (Au)-graphene and aluminum (Al)-graphene. A higher reduction potential 
(relative to standard hydrogen electrode) of Au at 1.5 V compared to 0.14 V of graphene 
resulted in electron transfer from graphene to Au, while a negative reduction potential of 
Al at -1.66 V compared to graphene led to electron transfer from Al to graphene.
62
 The 
reduction potentials of Ni, Co and graphene are -0.25, -0.28 and 0.14 V respectively.
62, 63
 
Hence, charge transfer from Ni and Co metals to graphene occurred, raising the Fermi 
level, EF, of graphene and led to the reduction of work function (barrier height) at the 
surface of the coated metal tips.  
 





Table 4.2 Comparison of work function of free-standing graphene and clean metal surfaces with 
the respective graphene on Ni or Co metal systems from ref. 60. 
Work Function (eV) Graphene Ni Co 
Free-standing 4.48 5.47 5.44 
Graphene on metal system  3.66 3.78 




Fig. 4.23 Schematic of work function shift when graphene is chemisorbed onto metal ( G-on-M) 









From the SEM images, the Type B Ni cones lost most of their definitive cone tip 
outlines as compared to the Type B Co cones, where the small nanocones could still be 
identified after graphene segregation. This was attributed to the slower cooling profile 
used for the Ni cones (as mentioned in section 4.3), thus allowing a larger degree of 
diffusion and reflow of the Ni conical structures to take place. Despite that, field emission 
still occurred as the surface of the Ni remained rough, consisting of nano protrusions as a 
reduced β factor. This proved that the change in tunneling barrier at the emitter surface by 
applying a graphene coating onto the metal cones, instead of the physical aspect ratio, is 
the dominant factor in reducing the turn-on voltages for the samples.  
Type A samples consisted of nanocones that were of a range of heights, with a 
mix of some very tall cones in the midst of some shorter cones, while Type B samples 
consisted of high density nanocones that were of a relatively uniform height. This gave 
the former an advantage of an improved field enhancement as a result of the spaced-out 
tall cones. On the other hand, the numerous cones of the same height resulted in a large 
degree of electron screening effect as evidenced by the large drop in β and higher field 
emission turn-on voltage for these samples. In addition, when comparing the electrical 









for Ni also helped to provide more efficient electron 
transport from the substrate to the surface, allowing for a lower turn on voltage.
64
 In 
addition, a comparison of the turn-on voltages for the graphene on metal nanocones 
samples with the nanographite in amorphous carbon samples in Chapter 3 is shown in 
Table 4.3. 
 





Table 4.3 Comparison of turn-on voltages of the graphene on metal cones samples with the 




Co Type A 70 
Ni Type A 105 
Co Type B 470 
Ni Type B 580 




In section 4.2, FLG was fabricated on Ni substrates using the PLD technique. The 
effects of cooling rate and laser energy of the graphene product were studied with Raman 
spectroscopy. It was observed that the cooling rate was critical in the production of 
graphene, graphite (>10 layers) or a slightly more disordered carbon. On the other hand, 
laser energy was less critical as long as the energy fell below 100 mJ. With a precise 
control of temperature and amount of source carbon, the formation of graphene layers can 
be controlled. The results have shown that it is possible to produce graphene using solid 
sources and a physical deposition technique at relatively lower temperatures compared to 
graphene epitaxial growth using SiC, as long as the temperature control and laser energy 
are optimized. 
Few-layer graphene was fabricated on Ni and Co metal substrates using PLD as 
the required carbon source in section 4.3. Although graphene growth on Cu has been very 





successful with a CVD process involving chemical reactions with precursors, the failure 
to produce graphene when using a solid carbon source with Cu was because the catalytic 
behavior of the metal was not utilized for such a setup. Instead, the metal’s solubility was 
critical to the successful fabrication of graphene by segregation. When using a cooling 
rate of 1 
o
C/min followed by 20 
o
C/min, FLG was only formed on Ni and not Co. With an 
increase in cooling rate, largely defect-free FLG with 100 % substrate coverage was also 
formed on Co. As such, besides carbon solubility of the substrate, the cooling recipe used 
for different metals was also extremely important owing to the competing processes 
during segregation. 
In section 4.4, FLG was fabricated by both Nd:YAG and KrF pulsed lasers at 
750 
o
C. The thickness of the resultant graphene layers was estimated from the relative 
positions of characteristic Raman peaks of graphene as well the the relative I(2D)/I(G) 
ratios. The corresponding ratio of graphene in the Nd:YAG sample was 1.57 which 
translates to ~2 layers of graphene, while the ratio for the KrF sample was 0.30, which 
gave ~4 layers of graphene. Through theoretical calculations, the carbon species in the 
Nd:YAG laser were of a lower energy than the KrF laser. Even though the two laser 
sources had different wavelengths and carbon ion energies, both laser systems were 
capable of producing graphene when the same cooling profile was used. 
Lastly, in section 4.5, cones of various density and heights from Ni and Co metals 
were fabricated and the segregation technique studied in sections 4.2 and 4.3 was 
subsequently applied to grow graphene directly onto the metal cones. The fabricated 
graphene on metal cones were studied for their field emission properties. It was observed 
that the mix of tall cones separated by small cones in-between, otherwise known as 





Type A cones, provided a better field emission enhancement as compared to the array of 
highly dense cones with uniform heights (i.e. Type B cones). By applying a chemisorbed 
coating of graphene onto metals such as Ni and Co, field emission properties were 
enhanced greatly by the reduction of tunneling barrier of the metal cones and lower turn-
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Chapter 5  
Graphene-based field emitters by 
electrophoretic deposition 
In this chapter, chemically exfoliated graphene was used to fabricate graphene-
based field emitters using electrophoretic deposition (EPD). Free-standing graphene 
emitters were studied in section 5.3, while a hybrid of CNT and graphene emitters were 
fabricated and investigated in section 5.4. 
 
5.1 Introduction 
While there are currently a number of methods for graphene fabrication, only 
certain methods are suitable for the mass production of graphene layers. For instance, 
while CVD on metals is widely used to form single to FLG, a transfer technique is 
required to release the grown graphene from the underlying metal substrate to obtain 
free-standing graphene.
1-3
 Thus, this may be time-consuming for applications where a 
large amount of individual graphene flakes are required. This may especially be so in the 
case of field emission, where the emitter is generally preferred to be of a high density and 
a high aspect ratio.
4
 Both of these requirements can be fulfilled by chemically exfoliated 
graphene. This is because the small size of resultant flakes can provide numerous 
emission sites and the high aspect ratio of a graphene flake (lateral size to thickness ratio) 
facilitates field enhancement. In chemical exfoliation, graphene flakes are prepared by 
the oxidation of graphite to graphite oxide, which is then exfoliated into graphene oxide 





(GO). Reduction of GO was typically achieved with hydrazine, which is highly toxic and 
unstable.
5
 However, in recent years, a safer microwave assisted reduction method that 
involves heating GO organic or aqueous suspension in a microwave has been developed.
6
 
Thus, with the recent advances in chemical exfoliation of graphene, a high yield of 
graphene can be obtained with safer methods. As a result, low-cost and environmentally 
green field emitters can be achieved.
7, 8
 
While field emission for other carbon materials such as carbon nanotubes, 
diamond-like carbon and its composites has been intensively studied, the area of 
graphene field emission applications is studied to a lesser extent. Some early works 
include the fabrication of graphene composites by spin coating to lift the horizontal 
graphene from the substrate by Goki et al.
9
 and the CVD preparation of vertically aligned 
graphene nanowalls by Malesevic et al..
10
 Wu et al.
11
 had also prepared graphene field 
emitters with EPD and compared it to an emitter made by directly coating graphene 
powder onto conductive tape, thus proving the effectiveness of EPD for field emission 
applications. In section 5.3, graphene field emitters were fabricated using EPD, which is 
a low cost, high deposition rate and easily up-scaled method to deposit the graphene 
emitters. The effects of density and deposition time, on field emission properties of the 
samples were then studied.  
In section 5.4, emitters made of CNT and graphene materials were fabricated and 
investigated for their FE properties. Since the discovery of CNT in 1991, it has attracted 









 Even with the discovery of its carbon 





counterpart, isolated graphene sheets, which is cited to be able to outperform CNT in 
various applications, it may sometimes be beneficial to combine both the materials to 
produce a synergistic effect, instead of replacing either one or the other entirely in the 
fabrication of materials for applications.  







 have been studied by various groups of researchers. For example, 
Yu et al. have proposed a layer-by-layer electrostatic self-assembly of CNT/graphene 
hybrid films by immersing a substrate into aqueous solutions of complementarily 
functionalized materials for supercapacitor applications.
16
 Furthermore, the synergistic 
behavior of the hybrid material films has also been demonstrated in current literature. For 
instance, Cai et al. fabricated conductive hybrid GO/CNT films on glass substrates, in 
which CNT imparted conductivity to the otherwise insulator film and GO acted as a 
carrier, which imparted the ability of layer-by-layer assembly and compatibility with the 
glass substrate due to the hydrophilic oxygen groups on GO.
19
  
In addition, CNT films have also been proposed for transparent electrode 
applications as voids in the CNT network increases the transparency of the film. However, 
a large amount of voids also reduces the overall conductance, giving rise to a tradeoff for 
transparency and conductivity in such materials. Even though pristine graphene possess 
excellent electronic and mechanical properties, the difficulties in obtaining high quality 
graphene can lead to structural defects that compromise conductivity and mechanical 
strength. As such, this leads to much lower actual values for the various graphene 
properties as compared to theoretical predictions. Hence, this limits the graphene 
replacement of CNT for applications. Instead, desirable results can be obtained if both 





materials work complementarily as shown by Li et al.
17 
who fabricated free-standing 
graphene/CNT hybrid films through the transfer of CNT films onto CVD fabricated 
graphene on Cu and subsequent etching of Cu. The  CNT voids were found to be filled 
with nanosized graphene, resulting in a highly transparent film with improved 
conductivity as compared to CNT or graphene alone.
18
  
Hybrid materials fabricated using solution processing methods such as vacuum 
filtration, have also been systematically studied to directly compare the electrical and 
mechanical properties of pure CNT films with graphene/CNT hybrid samples. Khan et al. 
reported that hybrid graphene/CNT films raised the stiffness of the CNT-only films from 
2 to 4.8 GPa at 20 wt. % and the conductivity of the films increased until a 95 wt. % 
loading of graphene.
20
 However, it can be seen from their SEM images that when such 
filtration methods were used to prepare hybrid films, the surface morphology was flat and 
may not be suitable for FE applications. The films by filtration can be easily transferred 
to any substrate but this would also mean that the electrical connectivity with the 
substrate may not be ideal for FE.  
In section 5.3, free-standing graphene emitters with very low turn-on field were 
fabricated for FE application. However, it was observed that when the voltage was raised 
to a relatively high value, the graphene microflakes would be elevated towards the ITO 
glass slide. The burnt-out voltage value decreased with an increase in EPD deposition 
time. Thus in section 5.4, a hybrid graphene/CNT emitter where the CNT was envisioned 
to act like a safety belt mechanism to strap down the graphene microflakes in order to 
improve the reliability at higher voltages was proposed. The hybrid films were fabricated 
by EPD and their field emission properties in relation with deposition time were studied.  





5.2 Experimental method 
The graphite powder, potassium permanganate (KMnO4) and potassium sulfate 
(K2SO4) used in this experiment were purchased from Sinopharm Chemical Reagent Co. 
Ltd. Other solutions used in the preparation process are 98 % hydrosulfuric acid (H2SO4), 
30 % hydrogen peroxide (H2O2) aqueous solution and ultrapure water. Modified 
Hummers method
21
 was used to oxidize the graphite power into graphite oxide. The 
graphite oxide was exfoliated into hydrophilic GO by ultra-sonication. The prepared GO 
was then added to ultrapure water. 0.2 ml of ammonia was then added to this suspension, 
which adjusted the overall pH value of the dispersion to 10. The exfoliation and 
reducibility of the GO has been reported to be greatly improved with the presence of 
ammonia.
22
 This suspension was then placed in a microwave system (Microwave 
Synthesis For Scale Up CEM Inc.) at a temperature of 150 
o
C for 30 min, with the RF 
power adjusted to 100 W. The suspension was then cooled to room temperature and 
centrifuged at 3000 rpm/min to get a homogenously dispersed graphene suspension.  
After drying, 80 mg of graphene powder was added to 200 ml of ethanol to give a 
0.4 mg/ml graphene suspension. 10 mg of Al(NO3)3 was added as charger material and 
the suspension was ultrasonicated for 1 hr. The deposition durations used were 5, 10 and 
15 min. For the hybrid emitters, graphene/CNT mixture solutions were prepared by 
adding 40 mg of graphene and 40 mg of CNT into 200 ml of ethanol to give a 0.4 mg/ml 
hybrid suspension with 50-50 wt.% composition. The deposition timings used were 2.5, 5 
and 10 min.  





A piece of conductive carbon paper was used as the positive electrode (anode), 
while the substrate, highly doped Si (n
++
) was used as the negative electrode (cathode). 
The electrodes were then submerged into the graphene suspension under an applied 
voltage of 20 V. The as-prepared size of the graphene field emitters for demonstration 
was 2 × 1 cm each. The graphene layers on these samples were viewed with a JEOL JEM 
2010F high resolution TEM (200KV FEG) operated at 200 kV. A Philips XL-30 FE-
SEM was used to obtain sub-surface images of the samples. For larger area FE testing, a 
parallel plate configuration was used. The graphene cathode was separated from the 
indium tin oxide (ITO) coated glass slide anode by a 100 µm thick polymer spacer. The 
measurements were taken under high vacuum conditions (1×10
-6
 Torr), with a LabView 8 
software and Keithley 2410 high voltage source and current measurement unit. The turn-




5.3 Large area high density graphene for field emission 
5.3.1 Microstructural characterization 
Figure 5.1 shows the low magnification SEM images of the graphene emitters 
after 5, 10 and 15 minutes of deposition. It was observed that a uniform spread of 
graphene flakes was obtained throughout the substrate. At higher magnifications, it can 
be seen that the flakes were randomly stacked and oriented, with some flakes protruding 
higher above others and some almost perpendicular to the substrate. This can be directly 
observed with a cross-section SEM images in Fig. 5.2. A configuration like this is 





beneficial towards field emission as it improves the field enhancement of the surface. 
Each flake remained thin after the EPD deposition process and the distribution of the 
flakes was largely homogenous and no particular aggregation in specific areas was 
observed. With the increased deposition time, the density of graphene flakes increased 
such that the flakes begin to stack onto one another without contact with the substrate, 
while the orientation still remained random. Figure 5.3(a) shows the TEM image of two 
as-prepared graphene flakes (before EPD deposition), one of which is folded into half 
while the other is lying almost entirely flat. The flakes consisted of areas, which were 
scrolled and crumpled. This is typical for graphene sheets due to their extreme thinness 
and thermodynamic nature. Lattice fringes can also be observed at higher magnifications 
of the scrolled or folded regions in Fig. 5.3(b), while unfolded regions were generally 
featureless.  The largest dimension of the flake is about 2 μm. The almost featureless and 
highly transparent areas on the flakes were monolayer graphene areas. Selected area 
electron diffraction (SAED) of the flake gave a six fold symmetry diffraction dots 
showing the high crystalline quality of the individual flake. 
 






Fig. 5.1 SEM images of EPD deposited graphene field emitters with deposition time of (a, b) 5, (c, 
d) 10 and (e, f) 15 min. Images on the left column were taken at 1000X, while those on the right 
were at 20,000X magnification. 
 
 






Fig. 5.2 Cross-section SEM image of EPD deposited graphene showing near vertical orientation 
of microflakes.  
 
 
Fig. 5.3 (a) TEM images showing two as-prepared graphene flakes, one folded and one flat. 
SAED (inset) confirmed that the graphene flakes were of high crystalline quality. (b) Lattice 









5.3.2 Field emission properties 
The field emission characteristics of the samples deposited with 5, 10 and 15 min 
are shown in Fig. 5.4. The turn-on field was 0.68 and 0.88 V/μm for the 5 and 10 min 
samples respectively, while the sample deposited with 15 min burnt-out (short circuited) 
before reaching the required current value.  
From the Fowler-Nordheim (F-N) plots seen in Fig. 5.5, it can be seen that 
electron emission did occur by tunneling as the data fitted well into a straight line when 
ln (J/E
2
) versus 1/E. By taking the work function of graphene to be 5 eV (the same as 
graphite),
10
 the field enhancement factors, β, were calculated from the slopes of the F-N 




Fig. 5.4 Field emission J-E curves of the 5, 10, 15 min samples.  










 Many low dimensional carbon structures, such as CNT, carbon and metal 
nanoclusters embedded in DLC have been studied for field emission applications. The 
turn-on fields for CNT fabricated by EPD ranged from 0.83–3.4 V/um.23-26 As such, from 
the above results, it can be seen that the turn-on fields (0.68 and 0.88 V/um) for EPD 
graphene emitters were comparable, if not lower as compared to the turn-on fields for 
CNT deposited by EPD technique. Graphene grown by CVD on Cu substrates have also 
been studied previously, and field enhancement was achieved by patterning the planar 
graphene surface with photolithography and wet etching to obtain a field emission array 
with each element being 30 × 30 μm2 and 20 μm apart.27 They obtained a turn-on field of 
7.2 V/μm at a current of 100 nA/cm2. This may be attributed to the relatively large 





individual emitting element as compared to the dimension of a graphene or a CNT, 
leading to poorer field enhancement properties.  
It was observed that the 15 min sample burnt out at higher voltages before 
reaching the required turn-on current value for emission. This was attributed to the 
deposition time for being excessively long, leading to poor adhesion of the top layer of 
graphene flakes. This can be better understood by looking at the reactions occurring at 
the electrodes when a voltage is applied. Since the voltage applied is high enough (>5 V), 
electrolysis of water occurs at the cathode as described in the following equation 5.1. It 
should be noted that if the current of the electrochemical cell is too high, excessive H2 
will be produced and bubbling may be observed at the substrate surface. This is undesired 
as the bubbles will affect the adhesion of depositing species onto the substrate.  
 2 H2O+2e
-
  H2 (g) + 2OH
-
                       (5.1) 
The Al(NO3)3 charger also dissociates in water to give the following ions as 
shown in equation 5.2 and Al
3+
 is preferentially adsorbed onto the graphene flakes. 
              Al(NO3)3  Al(NO3)
+ 
+  2NO3
-                                                                  
(5.2) 
Using nitrates as the charger material can also provide additional OH
-
 ions by the 
following reduction reactions of the nitrate ion. 
NO3
-






        (5.3) 
NO3
-
 + 6H2O + 8e
-
  NH3 + 9OH




 adsorbed onto the graphene flakes, then reacts with at the cathode where 
there is a high concentration of OH
-





  Al(OH)3 +NO3
-             
(5.5)
 





The adhesion of the depositing species to the substrate is thus achieved by the 
formation of metal hydroxides from metal charger ions (adsorbed on graphene flakes) at 
the cathode surface, which contributes to hydrogen bonding between graphene flakes and 
substrate.
28-32
 However, once the substrate surface is covered uniformly with graphene 
flakes, the subsequent incoming flakes will begin to pile on top of the existing flakes and 
have no contact with the substrate. These piled up flakes have a weaker bonding and can 
lead to a higher contact resistance between the top and bottom graphene flakes, which in 
turn hinders electron emission from the surface.
33
 Flakes that were piled onto each other 
were more easily attracted toward the anode (ITO glass slide) and cause a short circuit 
before a satisfactory field emission current was achieved. On the other hand, the higher 
turn-on field for the 10 min sample, as compared to the 5 min sample, was attributed to 
the more pronounced screening effect due to the much denser graphene flakes 
configuration present.  
 The low turn-on field for EPD graphene emitters was mainly attributed to (i) the 
high conductivity of graphene, (ii) the high density of emitting elements and (iii) random 
orientation of the individual flakes, leading to protrusions and increasing the local field 
enhancement effect. Some flakes were oriented normally to the substrate and electron 
emission can occur from the graphene flake edges. Additionally, when a field is applied, 
the free-standing flakes could align to the direction of the electric field while pivoting on 
their bond with the substrate, thus effectively enhancing field emission. Emission from 
graphene edges has been well agreed by researchers to be the key contributing emitting 
element.
34-36
 However, when the density of the emitting elements (graphene flakes in this 
case) became too high, electron screening occurred and this reduced the overall 





effectiveness of the field emitter as the entire surface appeared electronically flat with 
poor local field enhancements. Moreover, the reliability of EPD fabricated emitters was 
also reduced when the stacking of graphene flakes occurred with an increased deposition 
duration, which results in the emitter being easily burnt out. On the other hand, if the 
deposition time is too short, the graphene flakes do not cover the surface of the substrate 
uniformly. The possible scenarios are depicted in Fig. 5.6 Deposition time should be 
controlled to maximize the field enhancement effects of the overall emitter surface. As 
such, with the correct optimizations during fabrication, graphene-based field emitters 
could potentially overtake the performance of CNT as emitters. 
 
 
Fig. 5.6 Schematic diagram showing the possible scenarios when deposition time is (a) short or (b) 
extended. When flake density is high, a flatter overall surface morphology gave poorer field 
enhancing properties due to screening effect. 





5.4 Graphene/carbon nanotube hybrid materials for field 
emission  
5.4.1 Microstructural characterization 
From the SEM images in Fig. 5.7, it can be seen that the microstructure of the 
hybrid films consisted of the typical tangled spaghetti-like CNT network with some areas 
filled with graphene microflakes. At higher magnifications, the graphene microflakes 
were observed to be either on the surface or embedded within the network of CNT. This 
morphology was consistent throughout the entire sample, as well as through all the 
deposition timings tested. The surface morphology of the samples appeared to be rougher 
and had more graphene microflakes protrusions when the deposition time was increased 
from 2.5 to 5 and 10 min. In contrast to the 5 and 10 min samples, at the shortest duration 
of 2.5 min, larger CNT-only areas between protrusions were observed from the low 
magnification SEM images. Even though the surface graphene sheets were “strapped” 
down by the CNT strands, some sheets maintained a vertical position as seen in the high 
magnification SEM image of the 2.5 min sample in Fig. 5.7(b) and the cross section SEM 
image in Fig. 5.8(a).  When the surface morphologies of hybrid samples deposited by 
EPD and vacuum filtration method were compared using a SEM image in Fig 5.8(b),
20
 it 
was observed that vacuum filtration method gave a much flatter morphology as compared 
to EPD. 





The TEM images of pre-deposited graphene flakes and CNT use in preparing the 
EPD solution are shown in Fig. 5.9. The inset shows the high crystalline quality of the 
graphene flakes and the CNT were multiwalled with a diameter of 20–40 nm each.   
 
 
Fig. 5.7 SEM images of 2.5, 5 and 10 min graphene/CNT hybrid samples by EPD. Left column 
shows magnification at 1000X while right column shows 20,000X.  
 
 






Fig. 5.8 (a) Cross-section SEM images showing morphology with multiple protrusions and a 
vertically aligned CNT-strapped graphene sheet (white arrow) (b) Hybrid graphene/CNT film by 
filtration at 50% graphene in ref. 20 shows a flatter overall surface morphology.
20
 Reprinted from 
Carbon 48, 2825(2010) with permission from Elsevier.  
 
Fig. 5.9 TEM images showing (a) high crystalline quality graphene (b) CNT used in the 
experiments. 





5.4.2 Field emission properties 
The field emission I-V curves of the hybrid samples in comparison to a CNT-only 
sample were presented in Fig. 5.10. The turn-on fields of the 2.5, 5 and 10 min samples 
were 2.84, 2.50, 1.30 V/µm respectively, as compared to 3.25 V/µm for a 5 min CNT-
only sample. The turn-on field was generally improved for the hybrid films as compared 
to pure CNT films. Even though the turn-on field was still higher than pure graphene 
films, better reliability and less burnt-out situations were observed for the hybrid samples 
at higher voltages.  
The respective F-N plots for the hybrid samples are shown in Fig. 5.11. Using a 
work function of 5 eV for carbon, the β obtained from equation 1.4 was 1800, 3400, 
19700 for the 2.5, 5 and 10 min hybrid samples respectively. 
 
 
Fig. 5.10 I-V plots of graphene/CNT hybrid emitters. 







Fig. 5.11 F-N plots of graphene/CNT hybrid emitters. 
 
5.4.3 Discussion 
It has been established that by combining both CNT and graphene, hybrid 
materials that gave improved properties can be produced. The method of fabrication can 
also affect the performance of the hybrid materials in certain applications. For instance, 
samples deposited with vacuum filtration methods (Fig. 5.8) gave smoother surface 
morphologies as compared to EPD and may not be ideal for FE applications. In contrast, 
EPD gave hybrid samples with many surface protrusions that can aid the local field 
enhancement. In these experiments, it was observed that there was more CNT than 
graphene on the hybrid samples, despite the fact that the CNT and graphene hybrid 
suspension was prepared to contain a 50-50 wt. % of each type of material. This became 
less pronounced with increasing deposition times as the amount of graphene deposited 





was observed to increase when the deposition duration was increased to 10 and 15 min. 
The duration needed to fully cover the substrate macroscopically was also reduced for 
hybrid suspensions as compared to pure graphene suspensions. This may be due to the 
different drag forces experienced by the CNT and graphene flakes in the solution, when 
moving towards the cathode. CNT have a more streamlined body (20–40 nm) as 
compared to graphene microflakes, which can be of sizes up to 10 μm. Thus, the 
graphene flakes faced a larger drag force when moving through the solution. Larger 
flakes can also take a longer time to arrive. As such, larger flakes, in addition to small 
flakes were deposited in the 10 min sample as compared to the 2.5 and 5 min samples. 
However, the delay in arrival times of the two species was not significant enough to 
cause phase separation. The microstructure of the hybrid was therefore well mixed 
throughout when the deposition duration was set beyond the minimum time needed for 
the graphene flakes to arrive on the substrate. It is worthy to note that this issue would not 
be present in methods such as spin coating and vacuum filtration, which does not involve 
the electrostatic attraction between species in the solution and substrate. As such, the 50-
50 wt. % of CNT and graphene would be maintained in these methods.  
To achieve improved FE characteristics, it is ideal that the material has a good 
conductivity within, as well as possessing areas of local field enhancement. These can be 
in the form of (i) physical surface protrusions or (ii) areas where field lines are 
concentrated at the surface of the emitter, due to different conductivities of phases in a 
composite. An example of the former would be the samples studied in this chapter, while 
the latter is the material fabricated and discussed in Chapter 3. Graphene and CNT each 
played a slightly different role in this hybrid material even though both of them 





ultimately contributed to field emission at the surface. Within the film, the microstructure 
can be viewed as graphene embedded within the CNT matrix. However, at the surface 
regions where FE occurs, the CNT strands coated the graphene flakes instead. As such, 
graphene had at least two roles; 1) to act as connection particles between the CNT strands 
and improve the conductivity within the porous CNT network when they were embedded 
inside, 2) to act as additional local field enhancing spots when they were located at near 
surface regions. On the other hand, the role of CNT was to strap the graphene flakes 
down at high voltages such that they would not detach from the substrate and elevate 
towards the ITO glass slide, thereby improving the reliability of the emitters.  
From the results, it was observed that with an increase in deposition time, the 
amount of graphene flakes on the surface and the thickness of the film increased. As the 
conductivity of porous CNT films depend on the contact resistance of inter-tube junctions, 
having more graphene flakes embedded would create extra connecting conduction paths 
arising from sheet-tube junctions and thus increased film conductivity.
20, 37
 Also, having a 
larger amount of graphene sheets on the surface, when the deposition time was increased, 
served to provide more emission sites at the surface. This in turn led to lower emission 
turn-on fields. However, the turn-on fields of the hybrid films were higher than pure 
graphene films. This could be due to the inability of the strapped-down graphene sheets 
to align to the direction of the applied field as in the case of the free-standing graphene-
only emitters. The obtained results from section 5.3 and 5.4 also suggested that with a 
decrease in CNT fraction and more graphene flakes at the surface, turn-on field could be 
further lowered for the hybrid samples.  
 






In summary, uniform 2 × 1 cm
2
 graphene field emitters were fabricated by EPD in 
section 5.3. The turn-on field was 0.68 and 0.88 V/um for the 5 min and 10 min samples 
respectively. The higher turn-on field of the 10 min sample was attributed to the very 
high density of graphene flakes, which led to electron screening and lowered the overall 
field enhancement of the emitter. The random orientation of the graphene flake led to 
local field enhancement due to surface protrusions, as well as numerous emission sites 
which include those from the edges of graphene flakes oriented normal to the substrate. 
Graphene field emitters fabricated by EPD, in combination with chemical exfoliation and 
microwave assisted reduction, presented a low-cost, high yield and safe method for 
graphene field emitters that can easily up-scaled.  
Graphene/CNT hybrid films were prepared using EPD in section 5.4. The 
fabricated films consisted of well-dispersed graphene sheets within a spaghetti CNT 
network and possessed a surface morphology that was favorable for FE applications. The 
results revealed that with an increase in deposition duration, the turn-on field decreased 
for the hybrid materials. The turn-on fields of the 2.5, 5 and 10 min samples were 2.84, 
2.50, 1.30 V/µm respectively. Lower turn-on fields for the hybrid samples as compared to 
pure CNT samples were attributed to the increased conductivity within the samples by 
intersheet-tube contacts and additional field enhancing graphene emission spots on the 
surface. These hybrid materials offer a range of possibilities for new materials for 
nanotechnology. 
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Chapter 6  
Conclusions and future work 
6.1  Conclusions  
 The primary objective of this work was to fabricate sp2 and graphene-based 
materials for field emission applications. The first step taken towards this aim was to 
perform carbon deposition on Si substrates at 100, 400 and 700 
o
C with a PLD system to 
grow nanographite in a-C matrix.  It was shown that the sp
2
 content in the samples 
increased with the increase in deposition temperature. Additionally, the sp
2
 content of the 
film was mainly agglomerated into nanoclusters as seen in TEM observations. From 
AFM surface morphology images, the surface of the samples were highly smooth and 
external field enhancement factor, βex, was taken to be 1. The 700 
o
C sample had the 
lowest turn-on voltage among the samples and this was attributed to the improved 
internal enhancement by the high density of nanographite clusters present. The electrical 
conduction within the films was improved through conduction channels formed either by 
overlapping nanographite clusters or by electron hopping between the clusters. Hence, 
the presence of such conduction channels gave the flat films a CNT-like emission 
mechanism. The relative field emission barrier heights were also estimated for the 3 
samples with β100: β400: β700 = 1: 1.46: 2.02.    
 By extending the method of carbon deposition with heating during pulsed laser 
ablation of carbon to a transition metal substrate (e.g. Ni) in place of Si substrate, few-
layer graphene was fabricated from solid state transformation of PLD deposited carbon. 





The slow cooling (1 
o
C/min) and medium cooling rates (50 
o
C/min) gave few-layer 
graphene, while the fast cooling rate gave disordered carbon due to insufficient time for 
the carbon atoms to arrange into ordered crystalline structures. The graphene fabricated 
were 3–4 layers thick by estimation from the I(2D)/I(G) ratio of Raman peaks. The FLG 
could also be directly observed under TEM. In addition, lower pulsed laser energies of 50 
or 100 mJ gave FLG formation, while no FLG was detected for the pulsed laser energy of 
200 mJ. This was due to a shallower implantation of carbon atoms into the metal 
substrate at lower energies, which in turn facilitated the precipitation process.  
Graphene segregation using PLD was subsequently studied with the use of 
various metal substrates such as Ni, Cu, Co and Fe. By using the 1
 o
C/min cooling profile, 
graphene was only formed on Ni but absent in the other three metals. On one hand, the 
absence of FLG on Cu was due to its extremely low carbon solubility. On the other hand, 
for a high carbon solubility metal like Co, a suitable cooling recipe is needed for FLG 
formation.  By increasing the cooling rate to suit Co, FLG was also formed on Co metal 
with a high coverage. The fabricated graphene on Co was transferred onto a Si substrate 
by etching the Co metal substrate with dilute acid. After the transfer, it was observed that 
the D peak signal dropped significantly. This proved that a large part of the D peak signal 
was contributed by the amorphous carbon that was still embedded within the metal 
substrate after the completion of the segregation process. This was further confirmed by 
the reduced D peak signal of Raman spectra taken from areas exposed and unexposed to 
the carbon plume during deposition.  
In addition, graphene segregation using PLD was also studied with the use of 
different wavelength lasers such as Nd:YAG (λ=266 nm) laser as compared to the KrF 





(λ=248 nm). Even though the energy of the carbon species in the Nd:YAG system was >1 
eV smaller than those in the KrF system, FLG was formed on Ni substrates with the same 
cooling profile for both lasers. On a side note, Nd:YAG might have a slight advantage 
over KrF with its lower energy carbon species, which favors the formation of graphitic 
sp
2
 carbon rather than amorphous carbon.  
Using the information gained from PLD segregation of graphene on metals, Ni 
and Co metal nanocones with varied densities and height distribution were fabricated for 
field emission purposes. The field emission properties of the metal nanocones were 
greatly enhanced with the graphene layer coating. This was attributed to the charge 
transfer interactions between the metal nanocones and graphene, which resulted in a 
reduced work function for the combined material. This in turn led to a reduced electron 
tunneling barrier height that manifested as a lower turn-on voltage for the graphene-on-
metal nanocones. For both metals, a lower turn-on voltage was obtained from the taller 
cones separated with shorter cones in-between them (Type A), while a higher turn-on 
voltage was acquired from the high density uniform height nanocones (Type B), due to 
more serious electron screening effects experienced in the latter configuration.    
 Large area graphene emitters were also fabricated using EPD. The fabricated 
emitters consisted of randomly oriented graphene flakes with some flakes being vertically 
oriented with respect to the substrate. This gave a favorable configuration for field 
emission in contrast to methods such as vacuum filtration that generally gave a flatter 
surface morphology. With the increase in deposition duration, the density of graphene 
flakes on the substrate increased. However, the field emission turn-on voltage also 





increased with deposition time. The sample that was deposited for 5 min gave the lowest 
turn-on voltage followed by the sample that was deposited for 10 min. No considerable 
emission was observed for the sample deposited at 15 min before a short circuit occurred. 
The poorer emission characteristics of the 10 and 15 min samples were due to the 
reduction in surface geometrical enhancement caused by overcrowding of graphene 
flakes on the substrate. In addition, as the stacked graphene flakes had no contact with the 
substrate, poor contact resistance between the flakes can also lead to higher overall 
resistance for the thicker samples. Furthermore, when the deposition duration was 
excessively long in the case of 15 min, the samples were easily short circuited at higher 
voltages as the piled-up flakes elevated towards the ITO glass slide used as the anode.  
To improve the reliability of the graphene EPD emitters, hybrid graphene/CNT 
emitters were prepared by EPD. The CNT strands were envisioned to resemble a “safety 
belt” mechanism that would hold down the graphene flakes at high voltages. Despite the 
50-50 wt.% of CNT and graphene used in the prepared EPD source solution, the 
fabricated emitters were predominately CNT with some graphene flakes embedded 
within the CNT network. The hybrid materials showed improved field emission 
properties as compared to pure CNT emitters fabricated with the same method. This was 
because the graphene flakes embedded within the film provided additional conduction 
paths for electron transport to the surface in the otherwise porous CNT film. The 
presence of graphene flakes also increased the number of emitting spots on the surface of 
the hybrid film.  





From the studies carried out in this dissertation, various effective sp
2
 and 
graphene-based field emitters can be fabricated from physical methods such as PLD, 
microstructure enhancements by using sharp cones shapes and solution processing 
methods such as EPD. With careful control of cooling profile, parameters affecting 
emitter density and combination of materials, the performance of graphene-based field 
emitters can be enhanced.  
 
6.2 Future work 
In this work, the fabrication of graphene through solid state transformation of 
carbon provided by PLD at 750 
o
C was studied. It has also been shown that using this 
technique, FLG can be grown directly onto nano-patterned substrates for various 
applications. However, some loss in the structural outline of the metal cones, calls to 
attention that the deposition temperature has to be further decreased. As such, it may be 
beneficial to explore longer laser wavelengths lasers such as 532 or 1064 nm in future 
that can allow for an easier sp
2
 formation as well as shallower carbon ion implantation 
depth. The carbon ions in pulsed laser plumes have sufficient energy to implant carbon 
atoms into the metal substrates and this can aid the absorption of sufficient carbon at a 
lower temperature. However, if implantation occurs too deeply into the metal substrate, 
precipitation can be difficult. Sufficient carbon has to be absorbed by the near-surface 
metal regions to exceed the C solubility for segregation to occur and a shallower 
implantation depth is preferred since saturation can occur at areas nearer to the surface 
and cooling time can be reduced as well.  





In the other section for large area emitter fabrication with EPD, hybrid 
graphene/CNT emitter materials were studied. However, the 1:1 CNT to graphene ratio in 
the source solution was not directly transferred onto the substrates during fabrication. 
Hence, more control over the EPD process of hybrid materials is desired and the growth 
mechanism of hybrid materials using EPD should be investigated. Furthermore, it would 
be interesting to investigate the field emission properties of a hybrid emitter, whereby a 
large amount of graphene flakes are strapped down by a minimal amount of CNT strands. 
Once again, a better understanding of the EPD process is required to achieve such a 
calculated configuration. 
In closing, the development of graphene-based materials for field emission is in 
the stage of infancy. As the field emission properties of graphene are highly affected by 
its configuration, fabrication techniques play a critical role in realizing its full potential in 
this area. There remain yet many unexplored methods and challenges towards graphene 
field emitter fabrication before it can be employed in actual applications. Nonetheless, 
with a suitable technique and control of the correct parameters involved, graphene can 
prove to triumph other materials of its class and play a pivotal role in the advancement of 
field emission devices.   
 
 
